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Effects of Subacute Pyridostigmine Administration
on Mammalian Skeletal Muscle Function*
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The subacute effects of pyridostlgmine bromide were inavestigated on the tontract*l properties of rit extensor
digitorum longus (EDL) and diaphragm muscles. The cheilmesterase ifthibitor was delivered via wAubasaneonsly
implanted osmotic minipumps (AlzetO) at 9 g&g h-1 (low doew) or 60 jag h-1 (higk 09Ws. Animals receiving
high-ose pyridostigmine pumps exhibited marked alterattions in muscle propertles within the first day of
exposure that persisted for the remaln~'g 13 days. With 0.1 lix stimulation, EDL twitch tensions of treated
animals were elevated relative to control. Repetitive stimulation at frequencies > I Hz led a use~depeadents
depression In the amplitude of successive twitches during the train. Recovery from pyrildsilgtnle was
essentially com plete by I day of withdrawal. Rats Implanted with low-dmae pyridoatlpine pumps showed litlde
or no alteration of Int vivo twitch tensions during the entire 14 days of treatment.

Diaphragm and EDL muscles excised firom pyrldoutlgmlae-treated rats and tested In vitro showed s.
significant alterations In twitch and tetanic tensions and displayed the same sensitivity as m, PI - of cesitritl
animals to subsequent pyridostigmino exposures. In the presence of atropiaie. subaeutely admintistere
pyridostigmine protected rats from two Lw5 doses of the Irreversible cholinesterine Inhibitor. 301a1M In the
absence of atropine, the w,. of stsman wet nad altered by subacute pyridoutlgsane treaitent.

INTRODUCTION Effects of pynidostigmine unrelated to its inhibition
____________________________ of AChE have also been reported.0"" By use of

voltage-clamp and ligand binding techniques. Pascuzzo
The carbamnate acetylcholinesterase (AChE) inhibitor et A9' have shown that pyridostigmine can enhance
pynidostigmine is used most commonly for the treat- endplate desensitization rates in vertebrate skeletal
ment of myasthenia gravis.1 When administered to muscle by increasing the affinity between acetylcholine
myasthenic patients at appropriate doses, pyridostig- (ACh) and its receptor, as well as by blockade of
mine improves muscle strength and reduces neuro- AChE. Application of the patch-clamp technique has
muscular fatigue. Pyridostigmine can also decre~ase the revealed a weak agonist action of pynidostigmine.' 0
toxicity associated with organophosphorus 'nerve agent' The channels activated by pynidostigmine have a mean
exposure when combined with therapy by antimusicar- lifetime similar to that observed with channels gated
inic compounds and oximes.2-' The optimal dJose of by ACh but have a lower unitary conductance. Acti-
pyridostigmine is one which reduces whole-blood vation of endplate channels by pyridostigmine may be
AQhE by ca. 30%.' The beneficial effects of pynidostig- expected to interfere with synaptic transmission since
mine appear to be mediated by protection of a critical the opening of such channels is not synchronized with
pool of AChE from irreversible phosphorylation. s*7 nerve impulses.
Thus, French et al.8 demonstrated that recovery of as lIn spite of extensive reports on the acute actions of
little as 5-8% of surface AChE by pynidostigmine pyridostigmine at the cellular and molecular levels.
pretreatment was sufficient to prevent tetanic fade in little is known regarding the cumulative effects of
soman-exposed diaphragm muscles, subacute pyridostignsine administration. In particular,

it is not clear whether withdrawal of pyridostigmine

'MTe opinions and assertions expressed hereire are the private vIews following subacute exposure results in a period of
of ihe authors and are not to be construed as official views of the altered sensitivity to AChE inhibitors. The develop.
Department of the Army or the Department of Defense. The nuent of cither tolerance or sensitization to pyridostig-
experments reported here were conducted according to the 'Guide
for are and Use of Laboratory Animak'. National Research mine could present problems in obtaining optimal
Council. NlIH Publication No. 115-23. protection from organopliosphorus *nerve agent' tox.
t Author to whom correspondence should be addressed. iiy
In this study we refer to the muscle chclinesterase as AChE because The aim of the present investigation was uo determine
this enzyme accounts for most of the AClI hydrolyzing activity of wehrprdsimn diitrdt asfr1
skeletal muscle and because the substrate used in the bliasy dayshe v yia osmtic minpadmpns atersd sltoals mosc1c
(ace'yliI3-methylcholine) is selective for AChE."?dy i soi iiumsatr kltlmsl
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function under conditions where whule-blood AChE majority of rats in the high-dosc group, however,
is continuously depressed by up to 7n%. Such alter- showed tran•ient fasciculations of the facial muscles
ations may arise not only from the possible changes and forelimbs after injection of chloral hydrate. At
in sensitivity alluded to above but also from the the termination of these experiments, the rats were
ultrastructural myopathies that have been reported for cuthanized by i.p. injections of excess chloral hydrate
pyridostigmine treatment.' 3  followed by cervical dislocation.

In viti cau'ractl~ity measurements
EXPERIMENTAL. _ _ _ _,_EDL ad dizphragm muscles with attached nerves

were removed and mounted in tissue baths for recording

Animals and preparation of muscic contractions using Grass FT.03 isometric
forcc-dispLacement transducers. The bath contained

Male Sprague-Dawley rats (200-250 g) were quaran- oxygenated (95% O2'5% CO2) Kiebs-Ringer solution
tined on arrival and screened for evidence of disease. (pH 7.2-7.4) of the following composition (mM): NaCI,
They were maintained under an AAALAC accredited 135; Ka, 5.0; M=--,.., 1.0; CaCI2 , 2.0; NaHCO 3, 15;
animal care and use program and provided commercial NazHPO,,P 1.0 and giucose, 11. Recordings were
rodent ration and acidified tapwatmr. Animal holding performed at room temperature after 1-2 h of equili-
rooms were maintained at 70 ±- 2*F with 50 t 10% bration with physiological solution. Drugs were dis-
relative humidity using at least ten complete changes solved in saline and introduced by several changes of
per hour of 100% conditioned fresh air. The rats were the bathing media. Resting tension for diaphragm and
on a 12-h light/dark full-spectrum lighting cycle. EDL musdez were set to 2 antd 4 g, respectively, to

Alzet' osmotic minipumps (Model 2ML2) were obtain mtmal twitch tensions. Parameters for indirect
implanted subcutaneously in three groups of rats under (nerve) stimulation were similar to those used for the
ketamine anesthesia. The first group of animals (high in vivo experimcsts; direct (muscle) stimulation was
dose) received 20 mg of pyridostigmine bromide in not atteaqited in these studies.
2 ml of an aqueous vehicle consisting of 0.2% parabens
and 0.02% sodium citrate that was adjusted to pH 5
with citric acid and NaOH. The second group of ACh peiitial retardigs
animals (low dose) received 3 mg of pyridostigmine in Junctional ACh potentials were elicited by microionto-
the same vehicle, and the third group (control) received phoretic application of ACh from high-resistance
only the vehicle. Pyridostigmine solutions were released (150-200 M11) pipettes filled with 2 M ACh located
continuously at 6 pil h- I for 14 days, making the near the edges of nerve terminals. Brief pulse durations
effective delivery rate 60 and 9 ýig h-1 for the high- were used (100 ias) and the breaking current was
and low-dose pumps, respectively. Whole-blood AChE adjusted to prevent bac!ground ACh leakage
activities were determined periodically to ensure accur- (2-4 nA). ACh responses were recorded intracellularly
ate delivery. using 3 M KCO-filled microelectrodes positioned near

the subjuactional membrane.

In vivo contractility measurements

To determine the actions of pyridostigmine on skeletal Acetylchbsie relese assay

muscle contractility, in vivo twitch tensions were ACh was detected by an assay employing high-
recorded' from extensor digitorum longus (EDL) performance liquid chromatography (14PLC) with elec-
muscles in rats anesthetized with chloral hydrate trochemical detection (Bioanalytical Systems, Inc.,
(400 mg kg-1 i.p.). The distal tendon was freed at West Lafyette, IN) according to the method of Potter
its insertion and secured to a Grass FT.03 force- et aL.' as modified by Kaneda and Nagatsu.16 The
displacement transducer while the paw and femur were assay is based on the use of reverscd-phase HPLC to
immobilized in a stereotaxic apparatus. The peroneal separate AQh and choline, followed by enzymatic
nerve was isolated, sectioned and placed on bipolar conversion of ACh to H z02 which is detected electro-
stimulating electrodes. The exposed nerve and muscle chemica!4y with a platinum electrode. After a 20-min
tissues were kept moist, and the core temperature of incubation period with 30 p.M pyridostigmine to inhibit
the animal was maintained at 37" by application AChE (9C% inhibition), samples (100 1) were with-
of surface heat. Muscle tensions were elicited by drawn periodically to determine basal release as well
supramaximal pulses of 0. 1 ms duration. The nerve as release elicited by phrenic nerve stimulation at 0.2
was stimulated for 10-s trials at frequencies of 1, 5. 10 and 10 iLz. These frequencies were selected to provide
and 10 Hz and at 0.1 Hz between trials. These rates conditiom where twitch amplitudes would be well
ar ithin the physiological range for locomotion." maintained (0.2 Hz) as well as conditions where pro..
P ý:,ng tensions were adjusted to 4 g prior to data gressive dqepssim of successive twitches would occur
., ection for optimal twitch tensions. (10 H4z). Al assays were performed at room tempera-

t;e effects of pyridostigmine were assessed 1, 3, 7 ture.
and 14 days after osmotic minipump implantation and
1, 3, " and 14 days after removal of pumps. The Acetykchd:ueskirsse determinations
animals were sign-free during the course of subacute
pyridostigmine treatment, exhibiting neither behavioral AChE activitywas measured by the radiometric method

I I a I I I I I n
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tubes containing citrate buffer from a separate group of IN VIVO EDL TWITCH
subacutely-treated rats during and after pyridostigmine
exposure. Samples were assayed within 1 min after ,,,, sHi ,0oH 20,H

* collection for AChE activity at 25"C using ["Clacctyl.
13-methylcholine. a substrate selective for AChE.

CONTROL.

Determination of soman LOS* Values fj20 g
- hLD50 values were calculated by probit analysis"' of

deaths occurring within 24 h after administration of
• 0 soman. Soman was diluted in 0.9% saline and injected

s.c. Doses ranged from 60 to 300 Aig kg-' in five
groups with five animals per group. In experiments .- r Y

where the addition of atropine was of interest, the Ho Oo .[

antimuscarinic compound was injected i.m. at 16 mg PUMP
kg-1 30 min before soman. Significant differences' .

* between pairs of LD•, values were identified by the
Newman-Keuls test. "9

Materials I-DAY jWi
WITHDRAWAL 20

Pyridostigmine bromide (MestinonO) was obtained t
from Roche Laboratories (Nutley, NJ). Alzet® osmotic

• minipumps (model 2ML2) were purchased from the 20 toe

Alza Corporation (Palo Alto, CA). Atropine sulfate,
chloral hydrate and ketamine hydrochloride were Figure 1. Typical polygraph records illustrating the alteration
obtained from the Sigma Chemical Company, St. of in vivo tension in EDL muscles following subacute adminis-

tration of pyridostigmine (60 lxg h-') via osmotic minipumps.
Louis, MO. Soman was synthesized by the US Army Muscle contractions were elicited by sutramaximal stimulation
CRDEC, APG, MD. of the peroneal nerve in anesthetized rats (chloral hydrate

400mg kg-' i.p.). Twitch tensions were well maintained
under control conditions and during recovery but underwent
frequency-dependent depression in the presence of pyridostig-

RESULTS mine. Note the differences in the vertical calibration.

In vivo contractions of EDL muscle during subacute The time course for the onset and recovery from
pyridostigmine treatment pyridostigmine treatment (60 ptg h-1) is shown in Fig.

* In rats implanted with control minipumps, supramaxi- 3. As illustrated, both the depression during a 20-Hz
mal stimulation of the peroneal nerve (0.1 Hz) prod- train (top) and potentiation of single twitch tensions
uced twitch tensions of 37.4 -t 2.5 g (mean ±t SEM, (bottom) were fully developed I day after implantation
n - 10). With repetitive nerve stimulation, muscle of the mininumps. These effects persisted without
contractions generally showed an initial rise in tension, increasing in severity for the entire 14-day treatment
followed by a brief relaxation and a secondary develop- period. To monitor recovery, minipumps were removed

• ment of teniion during the 10-s stimulation periods after 14 days of pyidostigmine exposure, and muscle
(Fig. 1). Initial tension amplitudes were comparable tensions were determined 1, 3 and 7 days after
to those of single twitches for stimulation frequencies withdrawal. Absence of twitch potentiation at 0.1 Hz
of 1-10 Hz and greater than those of single twitches a::d maintained tensions during repetitive stimulation
at 20 Hz; final tensions were elevated at frequencies (1-20 Hz) were observed I day after removal of
above 1 Hz (Fig. 2). These characteristics of control pyridostigmine containing minipumps (Fig. 3).
EDL muscle are in accord with those reported pre- EDL muscles of rats implanted with minipumps
viously.20  containing 3 mg of pyridostigmine (9 jig h-') failed to

EDL muscles from rats treated subacutely with a show either potentiation of single twitch tensions or
high dose of pyridostigmine (60 •g h-') delivered depression of successive twitches during repetitive
via minipumps showed altered contractile properties. stimulation. As shown in Fig. 4, no significant departure
Single twitch tensions were potentiated by a factor of from control values was observed during 14 days of
2.5 on day 1, and remained elevated for the entire 14 treatment or during 14 days following pyridostigmine

* days of exposure to pyridostigmine (Figs. 1-3). With withdrawal. These results are of interest since the
repetitive stimulation, twitch tensions from pyrido- inhibition of whole-blood AChE in animals with low.
stigmine-treated rats were progressively depressed dur- dose pyridostigmine pumps (31-44%) is in the range
ing the 10-s trains. Because of the underlying potenti- considered optimal for protection from organophos.
ation, initial tensions during the train were equal to phorus 'nerve agent' toxicity.4
or greater than those recorded from control animals.
Final tensions, however, were depressed relative to Deterinin of whole-blood AChE activities
control at 10 and 20 Hlz (Fig. 2). Reversal from this
depression occurred within 10-20 s of cessation of Figure 5 shows the time course for inhibition of
rpeitive stimulation. whole-blood AChE levels during and after subiacute
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Figure 2. Histograms iliustrating the frequency-dependent
action of subacutely administered pyridostigmine (60 .Lg h - )
on in v'ivo EDL muscle tersion. The conditions depicted are (60 j~g h-') and tested for response to bath-applied
control (top), 7 days after implantation of osmotic minipumps prdsimn nvto h eut o D uce

*containing pyridostigmine (middile and 7 days after removal ayreidoswune in F ig. . The rttreautsd onl with musicles
of minipumps in rats exposed to pyridostigmine for the previous arsowinFg6.nrtsreednlwi vhl,
14 deys (bottom). The initial and final tension were measured little or no depression in muscle tension was observed
at the beginning end end of a 10-s duration train. The data during a 20-Hz train in the prescnce of _-5 A.M
represent the mear. = SEM from 3-7 rats. pyridostiganine. Raising. the pyridostigmine concen-

tration to 10 and 100 Wi resulted in depression of
final tensions by 70 and 90%, respectively, relative to

*pyridostigmine treatment via implanted osmotic mini. initial teunsons. As indicated in Fig. 6, the sensitivity
pumps. The experimental conditions were similar to of EDI aniscle to pyridostigmine was essentially
those for the contractility studies. Inhibition of AChE unchanged when tested after 7 days of treatment or 1
was complete by the first time point. measured 2 and 14 days after removal of osmotic minipumps..
days after minipumnp implantation. AChE levels were Similar findings on isolated diaphragm muscle are
depressed on average to 62% and 29% of control in presented in Table 1. Indirect twitch and tetanic
the low. and high-dose pyr-idostigmine-treated rats, tensions were recorded at room temperature after

*respectively, for the entire 14-day period. Fluctuations removal of diaphragm muscles during and following
in AChE activity in pyridostigmine-treated rats were subacute pyridostigmine treatment (60 t~g h-'). The
similar to those observed in control animals (± 10%). muscles were washed extensively with control physio-

AChE activities recovered to control levels within I logical sobution to remove free pyridostigmiine and to
day of withdrawal of pyridostigmine, coinciding with allow for decarbamylation. 21 As shown in Table 1.
the time course of recovery from the alterations in no significant reduction in contractile strength was

*muscle contractility, detected on cither pyridostigmine-treated or recovered
animals. Results similar to these were found for all

Examination of adaptive changes following subacute treatment and recovery times and for all stimulation
pyridostigmine treatment frequencies examined.

A potential consequence of subacute exposure to Basis fw te pyridestfgmis~w~nduced depression of
pyridostigmine is a gradual change in the responsiveness udteso

* ~~of skeletal muscle to continuous AChE blockade'12 To msl esem
examine this possibility, musc~cs wcre rcmovco during To dec¶rmine wfwtth~r the effects of pyridostittmine
and folhwing subacute pyridostigmine treatment are due to pit- ot portsynaptic alterations. we exa"mined
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Figure 4. In vivo twitch tensions in EDL muscle during and following subacute treatment with 9 Ixg h"- of pyridostigmine. Exposure

to the lower dose of pyridostigmine did not cause significant alterations in single twitch tension (bottom) or lead to frequency-
dependent depression (top). The arrows indicate implantation and removal of minipumps. The symbols represent mean values
from 3 or 4 rats.

100 :pletely after washout of pyridostigmine in cortrol
.... /physiological solution. The bottom panci shows data

"from another cell after addition of 2 and 5 L.M

W• so pyridostigmine. The lower pyridostigmine concen-

*O- tration was without effect, whereas the higher concen-
Siý so- -tration produced a small but significant depression of

ACh responses. Thus ACh potentials exhibit a similar
S 40 sensitivity to pyridostigminc as do twitch tensions (Fig.

6). These results suggest that the pyridostigmine-
induced depression of muscle tension is of postsynaptic

* 20 origin.
s.A To evaluate the role of presynaptic mechanisms in
S s S s

. . 1 . . -I- I .the action of pyridostigmine, we examined the effects
o14 0 3 , 1, of the AChE inhibitor on nerve-evoked ACh release

- ,ONSET RECOVERY using a sensitive HPLC assay with electrochemical

TIME (DAYS) detection.'5 Basal release in the presence of 30 IpM
pyridostigmine was 1.27 t 0.14 pmol minr-I per hemi-

Figure 5. Time course for inhibition of whole-blood AChE diaphragm (mean ± SEM, it = 3). This value is in the
activities during and following subacute treatment with 9 or range reported for basal release in rat diaphragm
60 -g h-' of pyridostigmine delivered via osmotic minipumps.
Control animals were implanted with minipumps containing muscle by Bierkamper and Goldberg.2 2 Figure 8
buffer. Soman challenges in the absence (S) and presence (S- shows contractility data from an isolated phrenic
A) of atropine were performed at the indicated time points (see nerve-hemidiaphragm preparation that was used in the
Table 2). release experiments along with histograms of ACh

* efflux pooled from three such muscles. When the

the actions of the drug on iontophoretically-elicited phrenic nerve was stimulated at 0.2 Hz, twitch tensions

ACh potentials and on evoked ACh release. A displayed little or no decrement throughout the stimu-

presynaptic action should be accompanied by a corre- lation period (Fig. 8A). The quantity of ACh measured

sponding reduction in the quantity of ACh released after 2 h of continuous stimulation (1440 pulses) ranged

during high-frequency nerve stimulation with no affect from 169 to 178 pmol per hemidiaphragm for the

• on responses elicited by microiontophoretic application three preparations examined. This yielded a value of

of ACh. A postsynaptic mechanism would be 14.6 - 3.3 fmol per pulse per hemidiaphragm after
accompanied by the opposite alterations. The data are correcting for basal release (Fig. 8C). When the
clearly in accord with a postsynaptic mechanism, as stimulation rate was increased to 10 Hz, twitch tensions
illustrated in Figs 7 and 8 were rapidly attenuated such that only a small residual

Figure 7 shows the effects of pyridostigmine on I- tension persisted after 2 s (Fig. 8B). Samples of the
Hz trains of ACh potentials in rat diaphragm muscle, bathing medium were tested for ACh after 2.4 min of
The upper panel was obtained from a single muscle stimulation to generate 1440 pulses as before. At
fiber and reveals a progressive depression of ACh i0 Hz, ACh efflux after corrccting for basal release
otential amplitudes in the presence of 10 and 25 j.M was 18.1 ± 2.9 fmol per pulse per hemidiaphragm (Fig.
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Figure 6. In vitro concentiation-offect curves determined during bath application of pyuicostigmnine on isolated EOL nerve-muscle
preparations. Muscles were removed after the indicated subacute treatments. Plecordings were performed a. room temperature in
Krobo-inger solution. Muscles were equilibrated for at least 2 hi with phys~iagqical solution prior to recording and for 30 min to
each pyridostigmine concentration. It should be noted that (1) recovery from s~ubete pyvidoetigmnvi was complete within 2 h after
muscle, were removed and placed in drug-free solution, and (2) no systema*ski ieragioet in acute sensitivity to pyridostigmirie was
apparent in either treated or recovered animal. Each point represents memut llus obtained from three muscles.

Table 1. Contractile tension in diaphragm of rats impiantedWoe
with high-dose pyridostigingise pumps. 4 0M YVsKX

Muscle tension !1)
*0.1 HZ 20 Hi a

Treatment Initial Final25WAo0Th*

None 16.4 ± 1.8 (17/7) 39.9 = 3.3 42.5 = 3.9 t

Pyridostigmir's
3 DOay 14.5:t 76 (3r3) 43.8 ±t11.4 43.1±t11.6
7 Day 19.6 ±t f.9 W313 45.9 ±t 1.2 46.4 :t 4.5

14 Day 17.0 t L.7 (414) 33.9 ;: 2.8 37.8 = 4.62 PhO5I4H

Recovery COIR
1 Day* IS. (2/2) 41.1 43.0

14 Day 22.1 :: 2.3 (303 39.9 ± 3.8 51.0 ±t 2.9 5 AIM P-iODOSTKMWE

*Moon = SEM: the number of musclestrnumber of rats aer
shown in parentheses: values are not significantly different
from control (P > 0.051 for arty time point.
'Mean value only.

10a zor 2001 th1 401h
* 10 Hz even though muscle tensions were negligible

during most of the stimulation period. These results MS
indicate that the pyridostigmine-induced depression of
twitch tension is not caused by an impairment in the Figure?7. AOe potentials obtained by microiontophoretic appli-

cation of etCh from one fiber in rat diaphragm muscle.release process. Stimulation frequency was I Ht. (Top) Plot of ACh potential
- amplitudes under contro4 conditions and 30 min aftef exposure

Detemintio ofacue txicty or oma into 10 ad 25 pit pyidostigmine. Recovery was complete after
Detemln(Io ofacue txicty or oma ina 40-noin vwshout with pyridostigmine-free solution. (Bottom)

pyridostlgmine-treated rats Analogovareomdings from another muscle fiber in the presence

Although no sensitization was notcd during or fotowing of 2 and 5,M pytidostigmiwie.
subacute pyridostigmine treatment (Fig. 6), this finding
is based on evaluation of skeletal muscle function and Table Z. so significant differences were detected in the
does not take into account other systems that are 24-h w~ all sooma either during or following exposure

* susceptible to anti-AChE compounds. Since the ration- to pyridotsigrtsire. Thus, on day 14 of the pyridostig-
ale for pyridostigmine prctreatment in the context of mine Itrcabmcn (high dose), the LD.III of soman was
this study is ptotvrtion from 'no~rve agentt' toxicity, :t 129 pag kg-1 compared to 113 n~ kg-' in control rats.
was of interest to determine whether pyridostigmine Prior adsnin4aiooi of atropine sulfate (16 mg k8 ')* r~dthe i, of soman from 140 HKgkg'-(atropine-"'



0. 2Hz 10 ta

0 0 L:L0
Figure 8. Effect cf pyridostigmine on nerve-evoked transmitter release in isolated rat diaphragm muscle. The traces illustrate twitch
tensions from a muscle that was stimulated at 0.2 Hz (Al and 10 Hz (B) (included in the ACh eiflux assay). The histograms show
the calculated ACh output per pulse of stimulation at 0.2 Hz (C) and 1t0 Hz (0) from three muscles after subtracting for basal release.

Table 2. Soman Lose determinations in rats receiving coatinuous subacute pyridostigmine
via osmotic minipumws.

Fyridostiigminem Pyrirlostigmine
Dosing regimen Vehicle control (9 jgq h-9) (60 j&g h-11

14-Day Exposure 113 (96- 132)b 122 (1W1-43) 123 (112-148)

14-Day Exposure
+- atropine (16 mg kg-'. i.m.l

30 min prior to sonian 140 (123-159) 226 (189-2711 234 1201-274)0
14-Day exposure

+ 3-day withdrawal 119 (101-1401 118 (101-137) 114 (95-136)
14-Day exposure

+ 7-day withdrawal 102 (84-1231 107 (89-130) 115 (95-139)
14-Day exposure

+ 14-day withdrawal 899(82-118) 97 (%551031 93 (5-14151

to.6 values werea determwined 24 h after soman administration.
* 0 Mean and 95% confidence interval.

Differs significantly from vehicle control. P % 0.05.

alone) co 226 and 234 ýLg kg-' for the low- and high- and Gltksou ef al.,24 who found that comparable levels
*dose pyridostigmine groups, respectively. It should be of inhibition by pyridostigmnine were without effect on

noted that the low d.zse of pyridostigmine was as human motor performance.
effective as the high dose in protecting from the lethal Higher pyridostigmint concentrations, producing a
effects of soman. The protection by the combination whole-blood AChE reduction of 70%, did, however,
of pyridostigmine and atropine is comparable to that impair muscle function. In v'ivo twitch tensions elicited
found when both drugs were administered acutely. 21 by low-frequency (0.1 Hz) or intermittent stimulation

Withdrawal of pyridostigmine for 3, 7 and 14 days were augmented whereas tensions during higher fre-
did not cause a significant alteration in the LDy, Of quency stimulations (> i Hz)' were depressed (Figs
:Oman from that observed for control animals (Table 1-3).
2). These findings suggest that subacute pyridostigmine In a previous study, a dose- and frequency-dependent
treatment, under the conditions used in the present decrement in tetanic tension in the triceps surtte muscle
study, does not alter the sensitivity of rats to organo- was observed in rats receiving subacute pyridostig-
phosphorus AChE inhibitors. minc.35 It was suggested that the diopression of muscle

tension was the result of either a reduction of evoked
transmitter release (presynt.iptic) or a depolarization.

DISCUSSION induced blockade of the endplate secondary to ACh
- accumulation in the synaptic cileft (postsynaptic). In

the presenit study, a posssynaptic mechanism for pyrido-
The results of the present investigation indicate that stigmine is indicated since we found comparable
subacute pyridostigmine exposure producinig ca. 38% reductions in iontopftoretically elicised ACII potentials
reduction of whonle-blood AChE does not alter the (Fig. 7) and no evidence for a reduction in evoked
contractile properties of rat EDL muscle (Fig. 4). This transmitter release (Fig. 8). 1 I
findinR is consistent with the results of Gawron ef at.13 It is noteworthy that the action of pyridostigmine



was not progressive. Thus, no systematic alterations in ation of the 14 d~s otpysidostigasine treatment (60 ,.Lg
either twitch potentiation or depression were observed h -') iudicss kresiduali ipaitment of muscle function
during the 14-day treatment period. It is also important (Fig. 3). Sobcltelly wadmitistered pyridostigmine,
to note that no sensitization to AChE inhibitors was should be ezs'eed completely by 3 days of drug

* observed during the exposure or withdrawal period. wvithdrawal. 21 but the myopathies persist well beyond
This was indicated by findings that: this period)-' Thus, the absecei of residual dceficits in

(i) bath-applied pyridostigmine produced a similar contractifity inflcates. that III- muscle can compe~nsate
depression in muscle tension from pyridostigmine- adeq uately fo !!ie ultrastructural lesions. The results

treaed atsas t dd fom cntrl ru (ig.6); from the isotmed muscle experiments 'Fig. 6 and Table
(ii) the pyridostigmine-treated rats showcd no 1) are con~omit with the above interpretation. It is

*ch~anges in sensitivity to the potent 'nerve agent' concluded thi high-dose (6i1 lsg h - ) pyridostigmine
somii Tale ).exposure is vdoutitt cumulative or persistent action on
soman Tabicskeletal nuw~ function. Moreovexa, this treatment

Alterations ;n sensitivity to AChE inhibitors may be produces no obvious compensatory changes in sensi-
expected since compensatory changes to AU.. overload, tivity to suibpenust exposttres of AChE inhibitors.
such as decreases in transmitter release or reductions The low-dow (9 p~g h-1) pyridostigmine exposure has
in postsynaptic receptor density, are well known.'2 no effect = sincle tensioa either duriaig or up to 14

* The absence of such alterations may be attributed to days follov* LteatmenL This is consistent with
the relatively low levels of AChE blockade, even in findings due 3o performance decrements occur in
the high-dose group. humans expowd to an eqoi-4alenit dose of pyridostig.

An additional goal of the present investigation was to mine.2324' 1is allso consisilent with findings that AChE
determine whether the ultrastructural myopathies that inhibition comprable to that of the low-dose pump is
pyridostigmine produme it the motor endplatc13

.
2

6 could below the Snesbold for prolonging the miniature
* lead toj deficits in contractile strength. These myopath- endplate a ,a sensitive index of AChE inhibition

ies generally consist of dilation of sarcoplasmic reticular in skceleu inl
membranes. mitochondrial swelling, dissolution of z-
disks and disruption of myofibrillar organization. They Akaidi
occur with all routes of administration, including cnwipnim
osmotic minipump delivery like that used in the present Tile authors moind like to thank SGT Douglas Papen-
study. 13meier and HlnA. Marfaulane for expert technical

* The results from in vv~lo recordings following tcrmin- assistance.
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ABSTRACT

The subacute effects of pyridostigmine bromide on rat eirtenzor digitorum
longus (EDL) and diaphragm were investigated utilizing ne rve-mus cle
preparations and standard electrophysiological techniques. Pyridostigmine v"
delivered at 5.93 pi/hr vii subcutaneously implsnted Alzet* osmotic minipumps
containing 4 mg (low dose) or 20 mg (high dare) drug in 2 ml of Pbstinodo
equivalent buffer. Control rats were imIpls :ed with saiipum" containing
buffer alone. Blood acetylcholinesterase (AMbE) activities were depressed by
25Z (low dose) and 68% (high dose) of control within 6 hr of miniptup
implantation.

In vivo studies. Indirect isometric twitch tensions from XDL muscles of
chloralhyTdrate anesthetized rats vere recorded after 1, '3, 7 and 14 days of
drug exposure. Supremaximal stiznli were applied to the isolated peroseal
nerve at frequencies of 1, 5, 10 and 20 ft for 10 sac trials, betwea which
the nerve was stimulated at 0.1 Hz. Rats implanted with low dos"
pyridostignine ptWs showed little or no alteration of twitch tessioss for ap
to 14 days of treatment. Animals receiving high dose pyridostigmime pusp•
e-hibited marked alterations in amzcle properties within the first day of
exposure that persisted for the remminlin 13 days. With 0.1 zz stimalatioa,
KDL twitch tensions of treated •aimal vare potentiated rlative to control.
Repetitive stimulation at >I Hz led to a frequeacy-d depression in the
amplitudes of successive twitces durin•g the train. At 20 Ik, the fI al
tensions were reduced on average to 35Z of imitial loves botwnm days I and
14. Recovery from the high dose of pyridoetigmism ma rapid, c essentially
complete by 1 day of withdrawal.

In Vitro stedies: Iannions were recorded from dLapiroga amd IDL uascles
isolated frow animals receiving subacute doses of pyridotIMia& in order to
teat for adaptive changa in na.cle properties. ]ieratmats w- prfor=zd
after 1, 3, 7 and 14 days of pyridestigain ta and after 1, 3, 7 amd 14
days of withdrewal from drug. Twa- tested at rom teqarst . fter • br of
equilibration with physiological aolution, these le.w .eodstui t l
comparable ta control, shmewd no freqvay-4 d i ,U.,ampltel
and were able to maintain a 10 s&c tetasz-. Acute ppii1escbn
were carried out by bath application toil
sensitivity to the carbhmate occurred during subsecute av i -e.
The results indicate that no si•uificmt C in V . cMtivity to
pyrilostigmna developed with either tP-t)rnm tn W Ar'" of
troatzment. Thus, thzre -w no demmutrabla pmrsstetrý± f~tjf~ dkvU.
Finally, t"e data dvao=astrate that tb~z threakold comuat=Vn
frequarncy-dn7=entnt decrer:ta in tw,!itch amd tatanic t4~'
oouitro]. oauditioius zmd f or all dreg M r~i~ A "~1~~~~

AAditionnJ. in vitro Estudieai, utillzirZ iatrmce1u1mr4\-
-en-dpi~ate potentfia-la (sr), in'Aiczite thait tbs f - a~
pyri&-jtir=1nnr reault froan a precai=*L declino ira t~jiW'
repietitiva atL-mlation. A ainilar dzelirns in r~

2~~to ~an, cnhn,':ce=ýent in dae-itiancticra.



INTRODUCTION

Pretreatment by the carbamate acetyicholinesterase . (AChE) inhibitor,
pyridostigmine, can decrease the lethality associated with organophosphorua
nerve agent exposure when combined with therapy by antimuiscarinic compounds
and oxinies (Gall, 1981). The optimal dose of pyridostigmine is one which
reduces whole blood AChE by approximately 30%. Some of the beneficial effects
of pyridostigmine appear to be mediated by protection of a critical pool of
AChE from irreversible phosphorylation (Berry and Davies, 1970). other
ef fects of pyridostigmine, unrelated to its inhibition of AChH, are also known
to occur and have recently been well characterized. By use of voltage--clamp
and ligand binding studies, Pascuzzo et al. (1984) have shown that
pyridostigaine can enhance endplate desensitization rates in vertebrate
skeletal mzuscle. The underlying mechanism involves an increase in the
affinity betweten acety 'Icholine (ACh) and its recognition site on the receptor
m~acromnolecule. This mechanism would be expected to act in conjunction with
accumulated ACh following inhibition of transmitter hydrolysis to produce a
profound deseusitization of the ACh receptor. Application of the g.1gaobm seal
patch-clamp technique has revealed a weak agonist action of pyridostigaine
(Akaike et al., 1984). The channels activated by pyridostigmine have a near.
lifetime similar to that observed with channels gated by A(h but have a lower
unita-y conductance. Activation of eadplate channels by pyridoetigmine may be
expected to interfere with synaptic transmission since such channels are not
synchronized with nerve impulses.

Iu addition to these effects, pyridostigmine has also been found to
produce ultrastructural lesions of the 'synaptic membranes of umamalian
skeletal imuscle (Hudson and Rseter, 1.984; Mbshul -at a1., 1983).
Ultrastructural abnormalities can be detected within 30 -iirn'o carbanste
treatment, are dose-dependent and in extrem cases can' le"d to-misdoe fiber
degeneration.

The pharmacological and morphological actions of -Pyri4dig~.e a be
expected to impair neuromuscular transmission andt-9 ''sklal msCl16
contractility. Tb determine whether pyridoetignino !Att4±ý Ci~ ice
function, we have examiined the effects of the a.6ib6".'QU-~i nereicie
twitch tensions, endplate potential (EPP) getnraJion'b
A~Jh sensitivities in rat extensor digitorm longns (, )~~A ~ nr.
muscle preparations. Several routes of administritl6fi. *a-*~ ý7 '~both
acute and subacute actions were investigated. *

Subacute experiments: tl1 1

Animal. and preparation. Alzet p.* ok
subcutaneously in three groups of adult albin rats
anesithesia. The fitst group of animals'-,..ji
pyxrdostigvaine bromide in 2 irl of ?1bctinoiP*' .
grcoup of an~imrals (low dose) received 3 mgo
gr'Ž~n. (control) rvecelvcd only the Mi-stinorn*Lt-
wari rel*cannd continuounly at 5.93 pi11hr for 1



delivery rates 60 and 9 1g/hr for the high and low dose pumps, respectively.
Whole blood AChE activities were determined periodically to ensure accurate
delivery.

In vivo contractility measurements. To determine the actions of

pyridcstigaine on skeletal muscle contractility, in vivo twitch tensions were
recorded from EDL msacles in rats anesthetized vith chloral hydrate (400 mg/kg
i.p.). The distal tendon was freed at its insertion and secured to a (raus
FT.03 force-displacement transducer while the paw and femur were immobilized
in a stereotaxic apparatus. The peroneal serve was isolated, sectioned and
placed on bipolar stimalating electrodes. The exposed nerve and muscle
tissues were kept moist, and the core temperature of the asimal was maintained
at physiological levels by application of surface heat. *scle tensions were
elicited by supraaaximal pulses of 0.1 mec duration. The serve we
stimulated for 10 sec trials at frequencies of 1, 5, 10, and 20 Is and at 0.1
ax between trials. These frequencies are within the physiological range for
locomation (Griaby, 1984). Besting tensions were adjusted to 4 g prior to
data collection.

The effects of pyridoetigmsLue were assessed 1, 3, 7, sad 14 days after
osmotic mi•ipump Implantation.amd 1, 3, 7, and 14 days after reoval of
pumps The animals were sign-free during the course of subscute
pyridostiguiLae treatment but approximately 70Z of the high do"s group
exhibited fasciculationa of the facial muscles aed focelimbs after injection
of chloral hydrate. Experiments were also performed to deteraine the
sensitivity of muscles from treated rats to an acute pyridoetigmine challenge
by testing the response of isolated EDL and diaphragm to bath appUed
pyridostigmLue in vitro.

In vitro contractility measurements. Sciatic e:vwe-lDL and phrestc
nerve-diaphragm muscle were removed and eqted in a tissue bath for
recording of mucle contractioms using as iLsoetrcU force dsplmacmat
transducer. The bath contained oxygenated (95Z 02 and 5Z 00,) rebe&-tiager
solution (pR 7.2-7.4) of the following compoeition (a*: vsa, 135; [C.
5.0; CSCl 2 , 2.0; NaRC0 3  15; N2100 1.0 "A gleamse 1'. MerdUPg were
pet frmed at room temperature foli"oing a 60 mseqilatiom w6th

physiological solution. Dlrugs were dissolved La salne mad were intrLiuced by
several changes of the bathing media. lasting tealosms foc RIL sad i4aphragm
we.e 4 and 2 g respectively. Stimulation platametrs vere similar to those
used for the in vivo studies.

"Intracellular recordings. flas were recorded La the cut mseeds
preparation of the rat diaphragm according to the procedure -adescribed by
Batstad awd Ltllheil (1968). The muscles wert cut trinverem to the fMae
axis, dlose to the endplate zone, to minaii, or aboLish coerastioms
following nerve stimulation. Junctional Ack potentials ere eallcted by
aicroinotophoretic application of ACh from a high resLstamnc (M50-300 magmoM)
pipette filled with 2 K AOi and .posLtiosed seae the edge 'of a" m
terminal. ACt responses were recorded' by as intracellular wicr-electiods
(filled with 3M C•C. and having 15-20 me*g41M resistasce) placed in tbhe synaptcL
region* Oomplete details of this tachsiquae ae published elseehmrs
(Albuquerque and MiIsaac, 1970).
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Acetylcholines terase determlnatioas. ACh t activity was measured by the
radiometric method of Siakotas et al. (1969). 0Lo(4: Blood samples were
collected in tubes containing citrate buffer from a separate group of

subacutely-treated rats during and after pyriostigmin espofure. Samples
vere assayed within I min after collectia for AMR activity at 25C
using I4C-acetyl 0-uethylcholiae as substrate.

Tissue: Rat hemidiaphragms were homogenized ia phosphate buffered saline
(5Z v/v). Samples of homogenate (25 aL) were incuate for 30 aLa with
pyridostiganie at 25" C and assayed for cbolinesterase activity (10 mln)

using 1 4 C-ACh as substrate. The reactioa was qwsicbed by addition of
Amberlite in dioxane. Mhe homogenates were centrifgqd at 700 rpm for I msi
and enayme activity determined in a scintillation cummse.

RESULTS AND DISOSSIOI

In vivo muscle contractions during subacute ,04211tigaLne treatmnt.
Supramximal stimiation of the peroneal. nerve (0.1 k) ia rats implanted with
control ainipumps produced single twitch tensions Is the ROL uscle of 37.4 *
2.5 g (mean t SRM, a-10). With repetitive mo stImaLation, ascle
contractions generally shoved a triphasic proflte osossatIf of am imitiAL
rise in tension, followed by a brief relaxation and a secomdary dvelopment of
tension during 10 sec stimulacion periods (Fig. 1). hiLtIa tension

X ism ami

sa
"fwftjom

Fig. I
Typical polygraph records illustrating the aftecstes of •n vivo
tensions in EDL mOscies following subacute elaistxIatIon.' of
pyridoetigatae (60 pg/hr) via osmotic AdmipeM. ImmCLe
contractions were elicted by supriomdmL StO•mlatIOM Of the
"peroneal nerve in anesthetized rats (chLoraL bjdrate 4M m/kg,
L.p.). Twitci tensions were well sminmt - r 0cetZoL
codLitions and during recovery but umdstrwn tqoI .depenist

decreases in the presence of pyridostigmsLe. hs tbn dl& euOS
in the vertical calibration.
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amplitudes were comparable to those of single twitches for stimuation fre-
quencies of 1-10 Hz and augmented at 20 Hz; final tensions were elevated at
frequencies above 1 Hz (Fig. 2). 7hese characteristics of control EDL muscle
are in accord with those reported by other investigacors (11edt et al.. , 1978).

EDL muscles from rats treated subacutely with a high dose of pyrido-
stignine delivered via mainpumps (60 ug/hr) showed altered contractile
properties. Single twitch tensions were potentiated by an average of 114Z
between 1 and 14 days of exposure to pyridotiguiLne. Twitch potentiation by
anticholinesterase agents results from the generation of multiple iuscle
action potentials following a single nerve impulse due to the prolonged nature
of the EPP (Clark et al., 1984). With repetitive stimulation, twitch tensions
from pyridos tigmLne-treated rats were progensively depressed dring the 10 sec
trains. Depression was e-ident even at 1 fa and became more marked with
increases in stimulation frequency (Figs. I amd 2). Because of the underlying

toor kvu emSam

J U •

Fig. 2Hi~s ogrmr illustrating the frequmcy-dep9emt aetim of subl

acutaly administered pyridostigtune (60 w/hr) on in vivo 'IL
guscle temsions. The conditions depicted are coatei (top), 7 days
after Impl•tacation of osmotic Lu•npsmps cautalul" V7yyrdesttimle"
(middle) ad 7 days after removal of mLsdnipe mi rats expomed, to
pyridoetigaLne for the prevLous 14 days. 2ha LaitMa d fnasL
tension were measured at the beginning and and of a 10 see deratios
train. he data represent the meaa SEfX f rm 3-7 ema.Leso
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potentiation, initial tensioon during the train were equal to or greater than

those recorded from control animals. Final tensions, however, were depressed
relative to control at 10 &ad 20 Hz (Fig. 2). Vestoration of initial tensions

occured within 10-20 sec of cessation of repetitive stimulation.

!he tim course for the onset and recovery from pyridoetignine treatment

is shown in vig. 3. As illustrated, both the depresion during a 20 KE train

(top) and pot, itiation of single twitch tensaons (bottom) were fuLly developed

t I

I

Fig. 3
TfLe course of pyridostiguine-induced altertliem of XUL -twitch

tensions during subacute administration of pyridestioine
"(60 jAg/hr). Upper graph shame the ratio of flal to initial

teasion during a. 10 sac train at 20 us. I1As graph shows twitch

tensions elicited by 0.1 Ns nerve stimidatlmm illuatratingi

potentiation of the single twitch. Ihae onset 4! pYrIGdoIStSiins's
action is fully developed within I day of admutastration and is not
progressive; recovery is essentially corLete within I day of

withdrawal. Qualitatively similar results te obtained with

stimulation frequencies of 1, 5 and 10 Rz.

1 day after miniptmp implantation. These effects Pemoisted wItthet Lang

in severity for the entire 14 day treatment period. The dat La fo-.t idaCate

4 tread towards decreames in the mwoiktude of dempestes durifg the 3rd amd

7th day of treatment but these were noL significant ily erfetuC from the level

of depression obtained on days I or 14. To utouLta iscoery miLPOl wre
removed after 14 days of subacute pyrLdoetigmLin eIp In SOCI..l temfoec:

were determined 1, 3 and 7 days after withtrawaL. Scovery of both twitch't

potentiation at 0.1 Hz and depression during repetitive s.timMltI (1-.20•Et.

K'Y



10 sec) was observed I day after resoval of pyridostigtine cottaiLing
ninipumps (Fig. 3). In one experiment, in vivo tensions were recorded
continuously, before, and up to 105 amn after removal of the pyridostignine
Minipump. In another experiment recording of twitches was begun 2 hr after
removal of the pump and continued for 2 hr. Both rats had received
pyridostigmine (60 pg /hr) for 3 days. Little or no recovery was detected in
either animal. Thus, recovery from the effects of -subacute pyridostigoine
treatment occurs between 4 and 24 hr of drug withdrawal. The persistence of
pyridostigmine's effects after subacute administration contrasts with its
rapid termination following acute application (Fig. 6).

* EDL muscles of rats ispLasted with aLnipumps containing 3 ug
pyridostigmine (9 Vg/hr) failed to show either potenti•tion of single twitch
tensions or depression of successive twitches during repetitive stimulation.
No significant departure from control values was observed during 14 days of
treatment or during 14 days folloming pyridoeatigane vithdrmval (FLg. 4).
These requits are of interest since the inhibition of whole blood AMh (about

* 25%) in animals with low dose pyridostigmnie pps approuUmtes the levels
conaidered optimal for protectiom against organophosphorus serve agent
toxicity (Gall, 1981).

/
/

.g. 4
In vivo twitch tensions in XDL mascle durjAgn and following subscute
treatment with 9 V/hr of pyridoatigLnse. Rbpowes to the lower

* dose of pyridoetiptag e did asc cass4 sigmtticaat aLteratioad In
single twitch teastoe (bottom) or lead to ftrsquescy-depaeat
depression (top).

Determinatieo of whole blood AA•Z activities. Fig. 5 absve the time
course for inhibitioa of whole blood ACQ level during sad after ubacte

* ptidostigaine treatment via implasted osmatic mLtnpmqw6 Uhe szp.ammstal
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conditions were similar to those used for the contractility studies except
that the low dose pumps contained a total of 4 rather than 3 mg of
pyridostigmine. Inhibition of AChE was complete by the first time point,
measured 2 days after minipuap implantation. AQCM levels were depressed on

* average to 60Z and 32Z of control for the low and high dose of pyridostignine,
respectively for the entire 14 day period. Fluctuations in ACM activity in
pyridostigunie-treated rats were similar to those observed In control animals
(* 10Z). AChE activities recovered to control levels wvithia one day of
exhaustion of pyridostigaine, coinciding with the tiel c~vArse of recovery for
the alterations in miuscle contractility.

-

•F .. . /
A .- A

la course for inhibition of whole bloo activities during
0ad following subacute trement with 12 5 or 60 0/hr of

pyridoatigntae delivered via oanotic u.dia• w _- bGatroL nml
were Implanted wit~h -inipumpe contaimning buffer.* "2bser experiments

Oa

were conducted in par-lle/ with the e~ecolork LOLcIL study-Sogn c Llefoe(s) i tre performed at. thbl In diated a tiv ms d -A

represents. a soman challenge accoqPeGied by 9tropLas 16 sG/kg,
s.c.) therapy (see text). Note that the low doe" of pyridoestia"g
(12 Mg/hr) is higher than 9 1g/hr used elmaem .

intravenously applied pgidoetimpule. The awt. O fe o pYrfdo•ti•aI On
twitch potentiation (0.1 Hz) and depression (1-20 ft) are met coaftnud to
subacute trea stuan, but cam be demonstrated by alI rmosut of .dMlaLutra•tio.
The results from a rapid intravenous Injectios of IridostIg as Om in vivo
tensions In EDL muscle are depicted in Fig. 6. The top trace shown single
twitches elicited at 0.1 Ex. Ac theat•m Indicated by the acres, 0.1 mL of a
20 Mg pyridoetigoine (80 ug/kg) solution wee iejecta d int the extecual
Jugular vein. Single twitch tensions were potelaed within, 30 see of mnjis-
tion and continued to Increase over the next 3 also A 20 Is train eLicted
during the period of -xinaue potentiation resulted to a marked deptro1eia La
mamcle tension durLug the 10 sec repetitive sclaiLSLm (mLdd"li trace). Th
depression was similar to that observed when the 4009 m applied by snm Of

* the amitpump. Recovery from the effects at Intravenmosly %slttered

le



pyridostigmLne occurred rapidly, and by 23 :nIn after injection both single and
repetitive twitch tensions were restored nearly to control levels (bottom
trace). Similar increases in single twitch tension and depression during
repetitive stimulation were observed after a subcutaneous injection of 0.1

• ag/kg pyridoscigmine. The time course of drug action was somewhat slower,
however. The onset, peak and total duration required 8, 25 and 45 min
respectively.

pe 0 ..V.

S..... .....kk... ..... .t . ... ..... t .. (.(... (.(. i....

Fig. 6

Typical experiment @hoving the effect of pyridootcimime on the in
• vivo contractioes elicted by indirect stimalation in control 6DL

muscle at 0.1 and 20 Hz. Pyridoetigmine warns injected into the
external jugular vein a" indicated by the arrow in the first
trace. The onset of potentiation of the single hnscle twitch
tensions occurred within 30 sec. As the stiluatiou rate was
increased from 0.1 to 20 Hz, there was a signifimant depression of

* muscle tension during the 10 sec high frequency train (middle
trace). The first twe traces ate continuous; the bottom trace ,as
obtained 23 sin after initial injection of the d4=g and sebo
recovery of muscle function. Note the differences in the verticaL
calibrations.

* Kiaminatiou of adaptive changes fo rlowing subacute pridoetigmin.e
treatment. one of the consequences of long-term expoesue to ACM inhibitors
is an apparent progeasive adaptation to the drug. ImsstawAc to the dug or
tolerance is manifeat as a decreae in the severity of the sigL aMd sympoiM
of aaticbolinesterase toxicity with coutinmed administration of the LCh
inhibitor (Costa et a&. 1982). Altbhouag tolerance i4 aecsraJly assocLated

• with organopboep-o-us AchK inhibitors, it may occur with subcue
pyridostigaine adinuistration since the ACM activities are depress
continuously during the treatment period (ig. 5).. Ib KaBMin this
possibility, muscles were removed during and following subcata pyrIdowtir•Ume
treatment (60 ug/hr) and challenged with acute pyridosti is ext~e"ur in
vitro. The results for RDL mascle are shows in Fig. 7. la rats, trsted #Aj
with vehicle, little or no depression in mscle tension was obeazved docing a
20 Ha train in the presence of pyridostigpnii coscaatrstioee below 5 IP.
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Raising the pyridostigtine concentration to 10 and 100 pN resulted in
depressio? of final tensions by 70 and 90% respectively relative to initial
tensions. As indicated in Fig. 7, the sensitivity of EDL muscle to
pyridootigzmine was essentially unchanged whten tested after 7 days of treatment

0or 1 and 14 days after withdrawal. Similar results were obtained for .11
treatme"- and withdrawal times examined on both EDL and diaphragx muscles.
Moreover, no sign1iic-ut mri - etected in the 24 hr LD50 of
subcutaneously injected soman either during or following .'e to
pyridostigaine. Thus, on day 14 of pyridostignine treatnt the LD50 dose of
soman was 129 ug/kg (113 vg/kg in control rats). Prior administration of
atropine sulfate (16 ag/kg) increased LD50 of somsa from l40 mg/kg (atropine
alone) to 234 ug/kg (atropine + 14 days of pyridostignine treatment).
Withdrawal of pyridoetig•ine for 3-14 days resulted in no significant
deviation in LD05 dose of soean (93-114 Ul/kg) from that observed for control
aninals (Mmmvell and Pbster, unpublished observation). These results indicate

0ý00 1 *Vearof

,.000 . saw 0min Do"

8 O

0.0

Fig. 7

In vitro concentr~ation offact curve deteased 4"ing acte bath
• applicatio n of pyridoetigat ue oam £Lae'-co ID L, aistv4- zc.Le

preparations. Mustles were obtaLU*d from• •mASAMS after . the
indic~ated subacute treattments. itecordings were perfocued at roos
temperature in Krebsotliner solution* memaeea were equLLbrated
for at leat 60 *Ln with physiologicalSL sto~u•. prior to reCOrding
and 30 min to each pyridoetignasn ooc staoif, It sbouLA be

O ~noted that (1) recovery from subsacte pyidoestiot~ne was c*W]Let*
wjrhj- I hr rhen OMleO were renoVwn Ad placed is drag from
solution, MWd (2) 4o systematic a3Lteration, !n aCate sensitivity to
pyridoetigninae was apparent in eithgt tzrmt• or •COCOW C"
&*i•, Each point represents an average of values obt&LO" ftVNK
two) muslart.

O0

19owvote, blockade at single twitches elicited bf O&C" SCtNL&U04a req"'*d..
16 an pyridoetigaLue sand depression of diretily *LLcited wmc• tam wl mme;.

j not observed with either singLe otc epotLtLve sC~j=Jatim or to the h•r i'

concentration exam&Lned (2 00-.

M0.

nI 8 i n I IIS I SI I iI. I I l l
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that pyridostigmine treatment under the conditions used in the present study
does not alter sensitivities to either carbamate or organophosphate AMhE
inhibitors.

in vitro studies. One of the goals of the present investigation is to
determine whether the ultrastructural alterations that pyridostigmnie provokes
at the motor endplate could lead to deficits in contractile strength. fhe
results from the early recovery times following 14 days of (60ug/hr)
pyridostiguine treatment indicate no residual impairment in muscle function
when tested in vivo. Subacutely admaiistered pyridostirmine should be
zncreted completely by 3 days of drug withdraval (Slirtley at &l., 1966), but
the myopathies are still severe at this time (hudson and asCt-er. 1984). Thus.
the absence of residual deficits in contractility indicates that the mautle
can compensate for the uatrastructural lesions.

Similar finding from in vitro contractility studies in diaphragm mscle
is presented in Talhe 1. Indirect twitch and etalec tensions were recorded

* at room temperature after removal of diaphragm umcles during and following
subacute pyridostiguane treatment (60ug/br). The macslea were washed
extensively with control physiological solution for at least one hour to
remove pyridostigmine and to allow for partial dfetarboWlatio (5071 at &I.,
1980). As shown in Table 1, no significant reduction in contractile strength
was detected on either pyridostignine-treated or recovered animla]. Imults

* similar to these vere found for all treatment and recovery times and for all
stimalation frequencies examined.

TABLE 1

* attLms u u mm -m ue-

Om •.a •

* r -- wmm 1.1 'em st.u
I U&- UMa an. " Safss
F .. .l V lU Z42 II - "

14(~ ow2.

ow WIMI WI, 24 1.1

mechanism underlyieg depression of muscle, temSto, d•,Ia repetitive
stimulatioa. The characteristic actions of pyridoetIsmis om akalatal mas.le

• f•Action described in this study ate. an increas•m•La single twitch. tmioeos sad
depreseion of muscle tensions during high frequency sere stluaLstioe. The
potentiation in the smplitude of single twitches appears to be acomeqe
of iCbu inhibition (Clark et aI. L964). it is not clear, Warnver, whether the
depression during repetitive stinlaation cam be Accmmted f or entirely on the
basis of Aiou inhibition. One way to investigate this probten is to eMUNmS

-' 0 the actions of pyridoetigatme under conditions of notNaL A•Sh attivlty MsA
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af ter AChE activity is abolished by pretreatment with the irreversible A~hE
inhibitor diiaopropylfluorophosphate (DPP). The results of one such
*experiment are shown in Fig. 8. The records are from a diaphragm muscle
stimulatedi indirectly at frequeacies of 0.1 Rz and 20 ift (center of each
trace). in control solution a 20 Hz pulse gave rise to a. sustained tetaaic

0ccntraction. Tetanic tension was reduced af ter a 30 win exposure to 5 paH
pyridostigmiae and depressed further after incubation with 10 p X
pyridostigmine. The preparation was then washed in t drug free solution for 20
min which led to full recovery of te(anic teasian4  Next. the muscle was
bathed in a solution containing 500 ru n De ? which led to & pronouaced fade in
tetanic tension such that the 10 sec tetanus appeared almost as brief as a

Ssingle twitch. Restoration of tetanic tension after remova of excess DFP was
seen 60 min after repeated washing of the preparation. Subsequent

' bath~Efect of asyuido otaignin an 0 in vitr twitch (0.1 3z) a" prnoned a de
(00 te10 see) thst in mi0ecta9n9us appear to and fl ing.

exposure to DIP. Addition of 5 and 10 ýa pyrldoeriguia. produced a
cosn entration-depeodent tetanic depresions that was rapidly
reversible (20 min) by washout. The addidtl of 500 Iae DIP, a

* ~concentration in excess of that requized for cmqiate AM~a
inhibition, produced a similar tetanic fade sad subsequent
depression of single twitch tensions. Was~mt of OFF for 60 ain
led to restoration of tetauic teselas.. Nehnsison of
Pyridoscigulne still caused tetasic depteseiou. lbse finodings
suggest that &(hK inhibition alone is met snuficient to produce

* ~depressioo of 'tetanic ten~ious under the present axrerimatAl
condit ions. Note that the duration was 30 not for &U trains.

Wei may not be evident during the p, i of DIP sad af ter thes
second exposure to 10 IAM pyridostign Asn du to the rapid mastle
relaxatioa in spite of continued nerve sttet al•troio

deprssio o£8•1et~rtch ensons.Ifmmom•OE D[T orI6s,.



administration of pyridostigmine resulted in even sore pronounced tetanic fade
than that observed during the first application. A sustained tetanic
contraction at 20 Hz was recorded after removal of pyridostigmine from the
bath by repeated washing of muscle with drug-free physiological solution.

* These results may be subject to two possible interpretations: First,
since DFP aws added 20 min after washout of 10 pM pyridostig•ine, only a

fraction of the AChE sites would have been accessible to phosphorylatiou; the
remainder would still be carbanyi•ted and therefore protected from
irreversible DFP action. During washout of D"P, spontaneous decarbamylation
could generate sufficient AChE molecules to restore tetaaic contractitonu. The

*D reiaduction of tetanic fade upon addition of pyridoetignine after Washout of

ODF would then result from inhibition of the newly decarbanylated ACM
"molecules.

Although the events outlined above no doubt occur, it is not clear that
tetanic fade is caused solely by excess Adh. An alternative interpretation is

* that depression of muscle tension during high frequency repetitive stimalation
results from a combination of excenss AM that accml-atee during the train and
a direct desensitizing action of the ACMA inhibitor on the eadplite receptor-
ion channel conolex. Thus the recovery from the effects of DIP may be the
consequence of removal of the direct action of the orgamopbosebpate (]1•, eat

!1., 1974), while the reinduct.ioa of tetaanc fade after addition of
* pyridoetigaine may reflect the contribution of a direct desemalti's"U action

of pyridostiguine (rather than the effect of additional. h•AM inkibtion)
(Pascuzzo et al., 1984; Akalke ecal., 1984; Albuquerq .atsa., 1984).

11111111 litII11I111111H l

Fig. 9
-ffect of pyridostiguine on EPP generation in a cat diaphagm

nerve-aMscle preparation. Under coatrol conditions the RP

amplitude shoved little or no decremiet during 10a W train. Ta

the presence of 5 vi pyridoetigmine, the initi•aL VP M•lt.k wM
larger than control due to AM inhibition, bet successive •?
ampiLtudes becme progressively depressed. Th. deqte"Le imose
accompanied by a persistent depoLarization of the 40ilate
region. Recovery from depression was obeervet after a 10 sea
quiescent period as indicated by the isolated traces os the rW4*1C
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To distinguish between these possibilities, the effects of pyridostigeine

and DF? were examined on ZPPs in tne cut mascle preparation of the rat

diaphragm by intracellular microe-lectrode techniques. QCt escles were used

* in this case since their low resting potentiaLs (-30 to -50 nV) ensure that

the EPP amplitudes remain below the threshold for the generation of action

potential sad muscle contractions. Under control cod~itions, ZEr amplitudes

exhibited & slight depression during repetitive stia-m1lai at £ frequency of

10 Hz (Fig. 9). In the presence of 5 uM pyridoeti•nine the KP umlitudes

underwent a progressive desensitization, accompanied by a sustaiaed endplate

* depolarization. The single trace following the train was recorded after a 10

sec quiescent period and shows restoration ot the KW? amplitude.

Desensitization could be reinstated, however, by repetItion of the 10 Hz

train, indicating that the phenomnoon i frequec-4.1q'mdeet- -1ig. 10 showe

I CMnU1 liltA iiIi li liIltiII 11111itW L11il

S. '

Wea

.....

Fig. 10

EffNects of pyridoetigaLue an UPPs recorded fr trmvet ely cut

diaphragm smscle preparattio. In coftrol Sabz0im (top trac) a

I train of 50 FPPF at ID 'at showed a slight deamsieos ia aliptude

with no endplate depolarization. After a 3 a" ezpmoure to. DIV

there was a gradual decline in amplitude of if? tbrQe t thf

train. ibis decline was accompanied by a lge initIaL 00e e

depoLacisation with repolarization towsa n d of 50 pSle.
train. Upon wahout of Di. for 120 ain (tm1 3) the decline in

tie amplitude of su•ccessive UPm S ags MU/CURly redh "-. At
this point presambly All of A• a w sMll iLibited by the

irreversible agent. When the preparationau baidqe-ly e I oeed

far 30 ain to pyridostigaine (trace 4) raZs saLaltaC to thoae

recorded in the presenco of DIp wete obsete-d. T raspose to a

10 as train 30 aln after remval. of pyriA7 lga42e is sOiNs 1AthO
last trace. tbte that although the rate It da6itiz i4" is.,
reduced the concomltant endplate depoLariat (prbesoly i. to

irreversible inhibition of AChZ by DIP) still pe•sist.

-Ve
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the effects of pyridoscigmine on a preparation pretreated with D1W. In the
presence of DOF (500 pO, the EPP amplitudes underwent a marked desensi-
tiza,.ion during the 10 Hz train. The desensitization rate was subscantially
reduced after a 2 hr wash with physiological solution. It is unlikely that
spontaneous dephosphorylation can account for the observed recovery (Kuba et

* l_., 1974). kbre likely, the recovery is due to removal of a direct
desensitizing effect of DEP as demonstrated by Adler et al. (1984). The
addition of 10 u H pyridostigmine after washout of DFF caused an increase in
the desensitization rate. Whereas washout of pyridoetignine resulted in a
reduction in the desensitization kinetics. Since AChQ is completely and
irreversibly phosphorylated after addition of DU, the partial recovery

* observed after washout of DFP and pyridostig•ine sust reflect the contri-
butions of the direct effects of these inhibitors on the endplate receptor.
The residual desensitization that persists after washout should then indicate
the contributions of excess ACh in the desensitization process. The synergy
"between excess ACh and direct effects on desensitization produced by AChi
inhibitors was initially proposed by Karcamar and Ohta (1981) sad confirmed by

* Albuquerque and colleagaes (Pascuzzo et al., 3384; Akaie et al., 1984). V.e
latter authors have shown that py-idootignine can convert nicotinic AIh
receptors to a state where they bind agonists with higher than normal
affinity. The excess AMi resulting from. ACkd inhibition during repetitive,
stimulation coupled with the increased binding affinity of the receptor fat
transmitter, appear to produce a desensitization rate thgt is sufficiently

Srapid to cause aeuromiscular failure and hence a depression in nerve elicited
muscle contractions.

Additional evidence that ACMa inhibition alon is not sufficient to
produce.aeuromuacular failure is provided in Fig. 11. The symbols doa~te the
inhibition in AChZ activity of rat diaphtag bamgenates incubated with

* pyridostigmine. Inhibition can be detected in the presence of 10 &M
pyridostigmine and is complete at 50 iM (IC 50 - 0.18 0. The M? decay
undergoes the first detectable prolongation in the preseoce of I jM
pyridostigamie (by 30%) and near amximal prolongation wome the concentration
of inhibitor is raised to 5 A& PUrtber increases in pyridostri•ume coacein-
tratioa produce little additional prolongation. If only AM inhibition were
responsible for neuromuscular failure, the sinmtioa of thes U? decays shold
be the sole determLnant of the depolarizsaioa and diemositisatiou obeerved
during repetitive stimulation. Accordingly, the desensitization rates as well
as the depression of muscle tensions during tata•ic stlmalatiom should be
maximal with 5 UK pyridoetignine. g ver, the data clearly show that the
fade in tetanic tension is greater when the pyri4ostiodus concestration wea
raised from 5 to 10 IAN (Fig. 8).

The desensitizing effect of pyridostigoine can also be studied oa AM
potentials elicited by brief (100 psec) mLcrotostopborstic application of
agonist on the junctional membrane. *This tedcmique ha. the advantage of

,allowing for controlled and accurate dallery of AA. Fig. 12 shows the
S effects of pyridostigmane on 1 Ha trains oT AM potentials. The upper pel

was obtained from one muscle fiber and shows the desemsitiaatiou'produced by
10 and 25 uK pyridoscigmine as well as recovery afttr wash. The lower panel
shows data from another cell after addition of 2 end 5 oN pyridoest'adms.

' 8M
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lFig A-

o r of the mlscle AMS inhibition inn by pyidoitigmine
wit th efectofthe drug on EPP* evoked is cat diaphragm nerve-

mascle preparations. Each EPP was obtained froma separate W"acle
f iber. Pyridoetigmine concentrations awe indicated by the
arrows Thfle solid circles represent ses of triplicate

* determinations for inhibition of LAIK activfty ia diapbraqp smsele
bomogens Ce. following 30 mis incubations with pyridostigotse at

Imoerecent work, using pulse frequencies up to 16 ft, desensitization

was found to occur with pyridoecignine concetrtlese as low as I IAN
* (Deshpsnde, A41er and Albuquerque, unpublisbed obserustioms). Ths ability to

elicit iesensitizatiod by exogenous app~Lcatiaa of kAk avugsets that the
depression JLa the Up amplitude during repetitive stlinazLIon (Jng. 10) is due
to postsynaptic, rather than presyflaptic alterattim.

SUHIMU ANDO wiLUSiW

1. Pyridostigmine produces as increase is the sopltu4. of sIngle twitchies
and depresses the amplitude of costractlms elicite by repetitive
stIsaltion in maninlian skeletal ancla. 3. depression is produced by
a depolarlzation and desensitization of the pestjusetioensl asoaem and
results f ron a combination of accumulated A&h se a conuereios of the A~a

* ~receptor to a high afiaI.y agornist binding astr.

2. Theb effects of pyridostipunea were qualft~wevLy similat regardless of
the route of administration or time of exmr~e. hesaevry from subacute
pyridontigmine treatment was complete witiavem day ef witbdraine and no
residual. impairment of mascle ceiwtrectSUU7 at seettiatonu to

p subsequent ýeposuce to A~baE inhibitors wes sehemw6i

lagLDM
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ABSTRACT
The effects of the thienyl analog of phencyclidine. 1j1-(2- pulses (<100 msec) were used. At negative membrane poten-

thienyl)cyclohexyl]piperidine (TCP). were examined on the end- tials. trains of EPCs evoked at a rate of 0.33 Hz decreased

plate region of the frog neuromuscular junction using a two progressively in amplitude, the relationship between peak and

microelectrode voltage dlamp technique. Among the phencycli- amplitude and time being approximately exponential. The rate of

dine analogs studied, TCP was the most potent in blocking the blockade was voltage-dependent, increasing by about 1.7-fold

end-plate current (EPP). producing the largest voltage- and time- witt a 70-mV membrane hyperpolarization. However, at positive

dependent blockade. The current-voltage relationship in the pres- membrne potentials, the peak amplitude of the EPC recovered
linearly with time such that by the 150th pulse it was about 4

once of TCP (5-25 uM) displayed a large hysteresis loop and a , with t am e s imilar to tha t oi u controtimes the frst EPC. a val•ue similar to that obtain.ed under control
negative slope conductance at hyperpolanized membrane poten- conditions. The degree of blockade and recovery of the EPC
tials. The rate of decay of the EPC increased linearly with drug was similar at 10 and 20 Hz and occurred even in the absence

concentration, but the voltage-sensitivity of this parameter re- of receptor activation. These resoits indicate that TCP alters the
mained essentially unchanged. The reduction of the peak am*li- EPK through two independent mechanisms: a blockade of the

tude. in contrast to the alterations in the kinetics of EPC decay. closed state of the nicotinic acetylcholine receptor-ion channel
were influenced by temperature and length of the conditioning complex, which explains most of the depression of the peak
pulse. The hysteresis loop in the EPC amplitudes was eliminated amplitude and a blockade of fte open stage accounting for the
at low temperatures (1 0C) and when short conditioning voltage alteration of the decay phase of the EPC.

PCP and some of its analogs have proved to be excellent potent analog of PCP in terms of blocking the AChR (Aguayo
drugs to study the properties of peripheral and central receptors and Albuquerque. 1985. 1986).

(Albuquerque et al., 1980ab; Eldefrawi et a., i980; Tsai et al., In this paper we show that TCP interacts with the open and

1980; Aguayo et a., 1983: Heidmznn et a., 1983; Vignon et at. closed conformations of the ionic channel of the AChR. The

1983). The thienyl analog of PCP. TCP, is a pharmacologically influence of temperature, duration of the conditioning pulse

active analog (Shulgin and MacLean, 1976) which has emerged and frequency of stimulation on the blockade of the ionic

as an excellent tool to study the interaction of PCPs with a channel are described.

variety of neurotransmitter receptors (Vignon et a., 1983. Zu.

kin and Zukin, 1983). Its advantages over PCP on the binding Materials and Methods
to brain receptors were analyzed previously and included: 1) The details for the muscle preparation and the voltage clamp tech-

higher binding affinity (Kd - 7 nM); 2) slower dissociation nique were described in some detail in the preceding paper (Aguayo
from receptor sites; and 3) lower degree of nonsp.cific binding and Albuquerque. 1986).

(Vignon et at, 1983). We found recently that TCP was the most To study the voltage- and time-dependent effects of TCP. four types
of voltage paradigms were used: voltage sequence "I," which allowed

Received !or psiblicstioa Janua-y 9... he visualization of a hysteresis loop in the I-V relationship, was

'This work was support by U.S. Put!ic Health Servi9 ,rant NS. 12M.3 b composed of 10 mV step. starting from a holding potential of -50 mV.

Netional Institute on D)rig Abuse Grant DA02804 anl by U.S. Anny Resewcl The command potential steps, shown by arrows in figure IA. were

and Development Coniniuind Contract DAMD 17.84.C.4219. made sequentially. first in the depolarizing direhtion and then in the

ABOREVIX TIONS: PCP, pheIcyclidine: TCP, 1-1(-12-thiefyl cloheit/operkdn H;: AChR. nicotinic acetykclicline receptor-ion channe complex;

W.V, current-voltage: EPC, end-plate ct.rrenl; rfc, decay time constaft c-f the EPC: ACh. acetylcholoie.
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hyperpolarizing direction, between the voltage extremes of +60 to -150 the absence of TCP and k3 is the rate constant for drug
mV, using pulse durations of 3 sec (see additional details in the association to the open chanrel (Neher and Steinbach, 1978).
preceding paper). In sequence "'11 the voltage was held constant for The degree and type of blockade produced by TCP
severdl hundreds of seconds at either +50, -50, -100 and -150 mV. were dependent an temperature. If the alterations observed
During this period EPCs were recorded at frequencies ranging from in the EPC were dependent on the diffusion of TCP to its site
0.33 to 20 Hz. This sequence allowed the study of the dynamic blockade of action. the effects of the IN relationship and repc should be
and recovery seen after obtaining the steady-state blockade, which took
about 10 to 15 min to set in. Voltage sequence "I1I" was used to test slightly dependent on temperature. A blockade through a con-
the effects of short conditioning pulses on the I-V relationship. The formational change of the AChR should be highly dependent
end-plate region was clamped for periods varying from 25 to 2500 msec on temperature (Oswald et aL, 1984). A diffusion mechanism
at different membrane potentials before the EPC was elicited. This controlling the EPC blockade could explain entry and subse-
"sequence had the same direction as sequence 1. The EPC was elicited quent blockade of the open ionic channel. A conformational
automatically 5 msec before the end of the conditioning pulse. Voltage change, on the other hand, may be related to inactivation of
sequence "IV" was used to study the influence of membrane potential the AChR macromolecule, which may be indepe,ident of chan-
on the blockade of the resting state of the ionic channel. The EPC was nel opening, if it takes place in the closed conformation of the
measured at -50 mV immediately before and after lhyperpolari zing the channel. Our results, as described below, indicate that the
membrane potential to -150 mV for a period of time. While at -150 d
mV no EPC was evoked. The ionic currents were also measured before egree and type o" blockade of the EPC were highly dependentand after depolarizing the membrane to +50 inV. on the temperature at which the muscle was superfused with

the drug-containing solution. For example, the peak amplitude

Results in the presence of TCP t5 •M) was decreased by 30% at 10"C
and by 88% at 30C. The magnitude of blockade of the EPC

Voltage-dependent effects of TCP on the EPC ob- (-100 mV) can be expressed in terms of a temperature coeffi-
served using voltage sequence I. The I-V relationship ob- cient, Qjo, and it was about 5.0 (20-30"C). This value compares
tained after 10 to 15 miin of exposure to -CP (steady-state rather well with that obtained by the blockade of the closed
blockade) showed a clear pattern of voltage dependence, this conformation of the AChR produced by PCP (Oswald et aL,
pattern was distinctly different from that seen under control 1984; Eldefrawi et at, 1982). The range of membrane potentials
conditions (fig. IA). The slope of the I-V relationship obtained over which nolineerity was observed in the presence of TCP
in the presence of TCP had two components: a segment of (5 j&M) was dependent on the temperature; it was extended 40
positive slope at potentials between 0 and -100 mV which was to 50 mV by an increase of 10C. The slope conduetance at
smaller than the slope of controls and a segment of negative 20"C was related lieary to the voltage from +50 to -80 mV
slope at potentials beyond -100 mV (see also fig. 5A in the (fig. IA. see also fig. 5A in the companion paper) and at 30*C
companion paper), it was linear from +50 to -30 mV. Hyperpolarization beyond

Figure 1 B shows the effects of TCP on the "xrc. TCP, like -30 mV resulted in a large negative slope conductance (fig. 3).
PCP (Aguayo and Albuquerque, 1986), caused an acceleratior. The same figure shows that lowering the temperature to 10'C
in rF1 c at all membrane potentials and concentrations used. caused a decrease in the negative slope conductance and in the
The decay phase of the EPC in the presence of blocking voltage-dependent effect of the drug.
concentrations of TCP (5-25 MM) was well described by a The alterations in the kinetics of the EPC, on the other
single exponential function at 20 and 30"C. The relationship hand, were less dependent on the temperature. rppc was de-
between the reciprocal of i'pc at different drug concentrations creased by about the same extent (50%) at both 10 and 30°C.
was linear at different membrane potentials (fig. 2), indicating The B and the A constants of the EPC (Magleby and Stevens,
that its effect on rEPC can be explained by a blockade of the 1972) were 0.25 mse•' and 0.0044 mV" at IOC and 3.7 mse-•'
channel in its open conformation according to the expression; and 0.0032 mV-' at 30C. The lack of a large change in the
r - (a + JTCPJ k,)-'; where a is the rate of channel closing in voltage-sensitivity of the VKPC at 10 and 30"C contrasts with

Fig. 1. Effects of TCP (10 %M) on the peak ampli-
A-tt (A) and the 7v (B). The left graph s~owsA I-V relabonsNtp obtaned before and after 15 min

200.• o drug parlusian using voltage seq.junce. I (20"C,
0.33 IH,. The arrows show the direction of tha
d co-azi ad nyperpol• arzing command poten-

Staa*ias used to obtain these I-V relationships starting
-tao -eoC from -50 rviV. Each symbol represents a single

detemahion obtain•ed from a single end-plate
beliom (•, ad after bath application of 10MAM TCP
,4- This type of voltage sequence produced a
lartle votage-dependent bluckade of the peak am-
psiude and a hysteresis loop at negative mere.

brane potentials. The outward current was un-
- 0 • • blocked whten the membrane potential was held

o~ at +50 mV for 18 sec (shown by the three closed
n.anglas at +50 :nV). The right graph sho-ws re-

t s et tw e "tsrc and membrane Po-
" ________�_ _ __as obtaned iA"dm the same conditions. In"400 I + - coieast to WI !wge deroassion of the peak am-

-1s50 -100 -so o #s plifride of EPC, the rep was only shortened

M~ffftsa Po0a$*"i CtomWS11111Y
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Fig. 2. Concentaton-dependent effects of TCP on tOe ruc. Relationship 0s
*etween I1/r~p and drug concentration at -60 (10. -100 (A) and -140

*(0) mV. The small voltage sensitivity of "h slope suggests that thedrgs
behaves as an uncharged molecule when altering thedea ,s o
the EPC. Each symbol represents the mean of at leagWst he to ve end- -200-0
plates from three to five muscles (200C). S g. 4. Ilhne course of blockade and recovery of the ionic curfrnif

produced by TOP (5 uMM) The end-plats region was stimulated continu,
+ 100- ously and the blockade and the recovery of the peak amiplitude recoded

Each point represents a single determination of thes peak amplitudif
olbtai. ;d at a frequency of 0.33 H~z and at 200C (for clarity some dats

* ~points are not plotted). The peak amplitudes at -160 mV was reducea
exponentially with a time constant of about 90 sec. Voltage clamping thE

Membrane Potential (mV) end-olats at -90 mV caused a slower blockade of the EPC. Wrien the
-120-60me.7ltrana p0.tentiai was depolarized to +50 mV the amplitude re

covered. In this end-pLate fth peak amplitude of the outward EP(
n=eased from +40 to about 4-200 MA (+50 mV). Thie recovery fi ckrwe
a more "nem time course Ohan the blockade.

'60
30*C CXshows data obtained from one end-plate voltage clamped at

+50 and -160) mV and stimulated at a frequency of 0.33 Hz.
o The inward EPC, in the presence of 5 jMM was depressed
oconsiderably by repetitive stimulation with a time constant ofC about 90 sec, the first EPC obtained in this end-plate region

(-160 mV) had an amplitude of -200 nA and after 100 sec it
- ~was reduced to about -801 nA. When the same end-plate region
3 ~was clamped at +60 inV, the outward EPC increased from 40

1-150 >to about 180 nA after 150 sec of stimulation. At this frequency
Fig. 3. The blockade of the peak amplitude produced biy TOP was of stimulation. the progressive increment of the response was
dependent on the temperature. The 1-V relationship was measured lin the linear over 150 sec of recording, but at higher frequencies a
presence of TOP (5 uM) at 10 and 304C. Each symbol represents the plateau in the recovery of the outward current wasn found (See
mean amplitude from at least three end-pates obtained trom two to fig. 6). Thle magnitude of the unblocking effect at high fre-

*three muscles. Reducing the temperature to 10'C abolishe the voltage-qunyhoer.wsevrahihstatbandIt03
dependent depression of the peak ampiatude an the neatv s" uny oeewgnvra hg sta bandit03
Conductance at hyperpolanzed potentials. Hz. This marked voltags-dependency of the EPC observed at

negative and positive potentials eliminates the posaibility of
the large voltage-dependent blockade of the peak amplitude interpreting the reduction of the EPC through presynaptic
observed at 30*C eni ..uggents that these effects may be con- mechanisms.
trolled by distinct molecultir mechanisms. - The rate of depression of the peak amplitude was dependent

Effects of! TCP flu the peak amplitude of the EPC. on the voltage at which the end-plate was clamped. it increased
*observed using voltage sequence 11. Repetitive stimulation when the membrane potential was hyperpolarized. The rate

of the neuromuscular junction in the presence of blocking constant for the blockade obtained from one cell in the presence
concentrations of TCP induced a voltage- and time-dependent of 5 #iM at 20*C, increased by e-fuld with a change of 17i mV.
i. harige in tie peak amplitude of the EP1C. The voltage level at The blockade and the recovery of the peak amplitude
whcrli the membrane was held had n great influence upon the were slightly dependent on the frequency of stimulation.
ampituide of the TCP-modified FPC. For example. figure 4 To study the influence of junctionil ACli concentration I Mag-
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leby and Pallota, 1981) on the blockade and the recovery of the menta describedsi above indicated that neither the blockade nor
EPC, experiments were carried out at different frequencies of the recovery of the EPC were increased at higher fiequencies
stimulation. The rationale for these experiments was that if of stimulation (fi. 6). To test whether EPC blockade and
the blockade and the recovery of the peak amplitude were recovery amr independent of receptor activation, the following
depencent on the activation of the AChR and on subsequent experiment was performed- the EPC recorded at the holding
channel opening, they should be dependent on the frequency potential (-50 mV) was measured immediately before and after
of -timulation. Under this assumption, the blockade induced the postsynaptic membrane was hyperpolarized to -150 mV
by TCP should be enhanced at higher frequencies of stimula- for 60 sec. During this period the nerve was not stimulated and
tion, because both the ACh concentration at the postsyr.aptic it was assumed that most of the AChR were in their resting
region and the number of activated channels are increased, conformation Figure 7 shows typical results obtained from one

In control conditions, about 50% of the end-plates studied end-plate, the first EPC in the presence of TCP was about -50
using voltage sequence II displayed a small time-dependent nA and it decreased to less than -25 nA after the membrane
change in the EPC peak amplitude (fig. 5A). The EPC was hyperpolariziom The recovery of the peak amplitude of the
reduced by 10 to 20% at a membrane potential of -150 mV EPC was alo independent of receptor activation. Figure 7 also
and reversing the membrane potential to +50 mV produced the shows that the outward EPC amplitude obtained from the same
opposite effect; it increased the EPC amplitude by up to 30%. end-plate was increased in the absence of receptor activation.
This small change contrasts greatly with that observed in the For example, when the end-plate was voltage-clamped at +50
presence of TCP under the same experimental conditions (fig. mV and eft rt - st for 120 sec, the outward EPC was increased
5B). The effect of stimulation on the blockade of the EPC was from 50 to about 140 nA, representing a 3-fold increase.
studied in single end-plates because the degree of blockade
varied greatly among end-plates. We measured the extent of -The d . t h. conditboning p nlse aodi ne th
blockade or recovery at two different frequencies (10 and 20 tne-d reltionshipe was lockad unte absence oi
Hz) using the same end-plate region. Figure 6 shows typical TCP, the p-V relationship was linear under all conditions
results from one end-plate obtained in the presence of TCP (5 because the pen amplitude of the EPC was dependent only on
gM); the relative peak amplitude of the EPC, with respect to the postayn•ic membrane potetial. Our experiments suggest

the first EPC, is plotted against time. These data show that that the time-dependent blockadeof the EPC resulted from the

the blockade caused by TCP was similar at both frequencies type of slow-uockade shown in figure 4. To determine if the

and that it was slightly more affected at the lower frequency duration of the conditioning pulse influences the hysteresis

indicating that part of this blockade was a slow process. Simi- loop, the -V I eNationship was examined with pulses varying

larly, the peak amplitude of the outward EPCs increased to from 100 to 3000 msec (voltage sequence III). This voltage
approximately 154% at both frequencies. Table I shows similar sequence showed that the magnitude of the hysteresis loo;
iesult~s obtained studying the peak amplitude on 5 end-plates obtained with long conditioning pulses was significantly largel
at 10 and 20 Hz. than the one obtained with short pulses (fig. 8, left panel). DatA

The blockade and recovery of the EPC do not depend from another end-plate showed that increasing the duration o
on receptor activation and channel opening. The experi- the pulse from 11-W to 1900 msec increased the hysteresis lool

VIg. S. Effects of low frequency (0.33 Hz) stimuiatki
on the KMC currents obtained ia the db.ence and tth
prsencoo TCP. These current traces wsre obtaine4

t at + 50 and - t50 mV in the presence (A) and absen0
A "aj of 5 M, TCP. The control currents are the ls

and 451th(at +50mV) and the Ist and 36th(at -154
"CONTROL ff S ob TCP mVoltauedduingthetrainat0.33Hz(10C) Thw5 P. .. ftraces i the presence of TCP aro the 1st (smalia

,_,__t , - ward current) and 102nd. and the 1st anrd 550

~ (sff~inwar u d trace) at +50 and -150 mV. respectiveoy. The small increase obtained under contrc
conditins; contrasts with that obtained when thu

40 / EPC was bUocked wit TCP.

100 nA
* tO misc

j€~

vll
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2.0- 2.0-Fig. 6. Effect of TCP on the pei
amnpltude was frequency indepen

20 1 nit. The left graph (A) Shows If
151.5 m~n+50 iSv peak armplitude of the EPO obtaint

at +50S mV (recovery) and -150 m
0 ~(blockade). It shows that the pelt

amplitude of the inward EPO ws
1.0 reduced to about the same exteo

La 20 Mzat 10 and 20 Hz. The right graph (I
shows the samne data, in relation I

10 HxO.S-tire. Each point represents a sing
Ix 0.5 -iSo mv determitnation obtained fromn Ii,

same end-plate in the presencet
TCP (5 IM). The amnplitudeS are a.-
pressed relative to thatofthe fir

012 24 IA 2.2 EPO. which was given a value I

Pulse Number rime (see 10

TABLE I peak amplitude decreased by more than 60% without anf
*Recovery of the outward current at 10 and 20 Hz change in rF~pc.

lRecovery of the. outward curent refers t.b lie values obtared from fti saml end- Studies of the TCP- modified EPC at 1O*C disclosed a doubt
plate usun 10 and 20 Hz. These values were olbtaxivid at "i 24th EPC for eaM dlnilTP hihwsosre nth uwr Ps(iendl-plale. TCP conomntratian ws 5 ,am the teneaue wa 10C No xoeta xcwihwsosevdi h uwr Ps(i
signiacant diference was obtara between tiess two con&W& 10). Study of the rm~ with voltage sequence II showed that thi

10 HI20 - fast and slow component changed in a time-dependent rnannet
% % The first nerve-elicited outward EPC in the presence of TC1

*VOA hoW MOA had a decay phase composed of two well-defined component
M M which were fit to a double exoonential decay (fig. 10). Simul

112 108 93 145 tanousl~y with the increase of the EPC peak amplitude tho
58 125 45 208 value of the fast decay time constant increased. For examp'e

249 123 267 115 the values for the fast rrpc and its peak amplitude relative tx
125 151 108 185 the total current obtained from four end-plates were 2.7 ± 0.1

75 20 114133 sec and 84 t 6%, respectively. Repetitive stimulation at O.3X
* Hz increased the fast rm~ to 3.7 ±t 1.3 nisec and the percentagi

linearly until it was similar to that obtained using a 3000 maec of the current decaying at that rate to 97 ±1.4% of the total
pulse duration (fig. 8, right pantel). a~mplitu~de.

The reduction in the peak amplitude occurred without
changes ini the kinetics of the EPC. Examination ofc i~*n Discussion
the presence of blocking concentrations of TCP and using
voltage sequence 11 revealed that the voltage- and time-depend- As shown in the preceding paper PCP analogs can alter the

*ent blockade of the peak amplitude was independent of changes EPC through two types of effects; voltage-dependent blockade
in i~rc Tiissonnfigure 9 in which the values for rF produced by PCP and analogs such es PCE, PCPY and TCP
obtained from an end-plate which i-nderwent a large depression and the voltage-independent blockade produced by PCM and
of the peak amplitude are plotted. In this typical endplate. tie TCM, (Aguayo and Albuquerque, 1986). The voltage- and time.

+4140- 120 sec:

450 MV
FIg. 7. Blockade and recovery of the peak amnplitude
in the absence of channel activation. The peak ant-

+_ 0 plitude was measured Irmmediately before and after
changng the holding potential to -150 rnV or +50
mV to detemine if TCP can wxduc blockade of theo closed state of the channel. Each point is a single

+6 detenfinaticwi of the peak amplitude obtatined in the
:3 presence of TCP (10 1,M). The inward EPC at -50
0 ~mV was measured kriniedialely before and after hy.

* perpolanzrvn the postsynaptic mentbrane to -150
- myn by 60 sec. This membrane hyperpoanzation mt

'0 -80the absence of nerve stimulatioin produced a 50%
decrease in the pealk amplitude. sing fth samfe

* .~ voltage sequence, the outward EPC increased by
W -30- 100% after holding the mnembrane potential at +50

CL nVfor 120 sec (10*C).

-150 MV

-60 6 0 sanc
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Membrane Potential (mV) Membrane Potentia WO FRs. IL The hysteresis loop was dependent
-160 -80 -10_ n thewacm of the conditioning pulse. Left

______________________ II Igrapk, eacb point represents a single deter-
-v rrwatai at the peak amplitude obtained in
93 thee prusem of TOP (5 ;,M). These two INV

m ;o relaloshipis were measured on the same
CL end-plate usMn condlitioning pulses of 3000

10 msc' 90Me and 100 msec duration. The INV relationship-100 30 Ewas linear with conditioning pulses ot 100
msec duration (0.33 Hz, 200%) Right graph,0 three INV relationshiips obtained from another

LZ end-plate with conditioning pulses of 1200.
C/ 1400 and 1900 msec duration (5 juM, TCP).

3 sec -20 I.10nme:t both~ cams the hysteresis loop and the
'negalk conductantce increased as the du-

rabio of the conditioning pulse increased.

6.2 4-0

30 se 
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;4 46

N. 6.4Efm fTP(,M ntepa mltd n h ec hsT"(oe

exeimnshwth nlpnecbewethamltdan tcFi.1.T ( APdm0tmspnlntatrtoonfdcy

Th n-lt einwscapda 10m n tmitda hs ftsfa"' ro 1rpttv tmlto

aingle9 Efectsrintof Tof (5tr)onte peak amplitude and the rf ,c Thandfoi fIS*.Teomtae orepnigt h IS.3t n 1s
aespenglen shown the prdesenen of 5 ~ ji TCP Th peak 1mi.d ToP the ouwadcuretE11im a ainteiifrmenden an-lateraioon the dreencae

EPC as Uimat rdauped! ay6%wtot -150 mVhande stminte a t4, o jM TCP 7t ~aca EP s traes werect omitrepetoimpive stmlartion
frequency ~ ~ ~ ~ ~ ~ ~ ~~~~~h of03 zfr10sc( C. uigti eo ekuon tie os B119f The Co~Mputerkne arethe bloestan finteofcepts

for ach P as dterined Eah pont epreent otahed fast ~~aM a ao c oesmy ohf 0.lativ ampitde at f themfastur
ampentdeand blockd ofteECpoue yTP h ost 1C. Thoent tr %at thne fistd to ther 95% of0thean 41sth
apsoten deeanation of tC.hes p eeak amtdescanbd th e Otail n ted fromand lo Wsatrpo Siuain
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blockade of the EPIC develops exponentially may indicate that Acin- heelmet
a conformational change between ACh-R and ACh-RI, where The authors ame grateful to Ms. Mabel A. Zell and Mo. L.Auren Aguayo (or

their expert computer programming and data analysis. We also express ourACh-R is the closed and ACh-RI is the inactive form of the gratinai to Mr. Sea Cumniing for his valuable technicali assistance.
receptor, is occurring. The use of long conditioning pulses

*indicated that the rate of inactivation of the EPC was depend- Itfr~fe
ent on the membrane potential; hyperpolarization increased ADLER5. M4., ALauQLJEXtQuE E. X. AND t.EBEDA, F. J.: Kinetic analysis of th.

action of endplate currents altered by atropine and scopolamine. Mol. Pbs,.the rate of blockade by 1.5-fold with a change of '70 mV, a value mal 14 51-59 1978.
comparable with a 2-fold increase in the rate of desensitization AGuACO, L G. AND Atau4Quzaxj.,e. E. X.: Interactions of phencyclidina, (PCP)

witha smilr chngein embane otetia (ScbonMileri and its derivatives with the acetylcboline-activated ion channel (Abstract).witha siila chage i mebran poentil (Subo-Mileri NeucWi~.a.. 11:8944. 1985.and Parsons, 1978; Anwyl and Narahashi 1980). Several differ- ArwAVo. L G. AND ALsurqvzaQue. E. X.: Effecta of phencyclidine and its
ences between the blockade produced by TCP and receptor analogs an the end-plate current of the neuromuacular junction. J1. Pharmiscol.

Ezp. Ther. 239:15-24. 198M.* desensitization were evident from our experimental data. First, AcuAyo, L G., WASNKK, J. E.. MAAYANI, S., Gumi. S. D.. WuiNs~r:N. H. AND
a large blockade occurred in the absence of AChR activation. ALIBUQUERtQuE. E. X.; Site of action of phencyclidine. IV. Interaction of
This phenomenon indicates that the molecular mechanism phencyclidine and its analogs on ionic channels of the electrically excitable

the EC, mst lkely he nmber membrane and niotinic: receptor- Implications for behavioral effecta& Mol.controlling the amplitude of teECmotlky enubr Pharmacol. 21:.637-647. 1983.
of available receptors. can be inactivated readily by the mem- Au5IJQueQU. I. X.. ADLMR M., SPIVAIC. C. E. AND AGuAyO, L G.: Mecha-
brane potential in the absence of large receptor activation. nim of nicotinic channel activation and blockade. Ann. N.Y. Aced. Sdi. 358:

204-2A8 1980s.*Recovery from EPC blockade induced by TCP riso occurred in AauQuERumtE. F_ x.. TSAI. M.C., ARONsTAm, Rt. S.. ELw~AmWI, A. T. AND
the absence of receptor activation when the membrane poten- ~ELOItAwt, 14. E_ Sites of action of phencyclidine. If. Interaction with theionic channel of the nicotinic receptor. Mol. Pharmaziol. IS: 167-187, 1980b.tial was held at positive potential (fig. 7). Second, although the ANWYwL. It. AND0 NAxamsuiAr. T.: Desensitization of the acetylcholine receptor of
blockade induced by TCP was detected only at negative poten- eenemvted rat soleus muscle and the effects of calcium. Br. J. Phautnaol. 69:
tialls, AChR desensitization occurred at all the membrane po- 91-9 . T58 .. .MR~ .LADEne~wM
ten~tials (Fiekers et ci., 1980). Third, the degree of blockadie was Phencyclidine inteasctions with the nicotinic acetylcholine receptor channel
independent of the frequency of stimulation (Magleby and and its inhibition by psychotropic, opiate, antidepressant. antibiotic antiviral

* Pallota, 1981). This finding strongly supports the notion that andiinuatirrhyinxc drugs. Mol. Pharmacol. 22: 72-81. 1982.
ELwerissw. M. E,. ELosnutWI, A. T.. AitoNSTAm, Rt. S.. MALEQue, tyI. A.,the voltage. and time-dependent blockade produced by TCP WAvmcx J. E. AMD AL8GQUEROuE. E. X.: l'HiPhencyclidine: A probe for the

was not related to a desensitization of the AChR, but rather to ionic chinnell of the nicotinic receptor. Proc. NatI. Aca&d. Sci. U.S.A. 77:7458.-
a blockade of the closed conformation of the ionic channel. 7462m. 198.F. rmeusPMSCON ULRYB.ADASNIL :

Although the effects on the peak amplitude of the EPC may Voltage dependence of densenaitzation. Influence of calcium and activation
be caused by a blockade of the closed conformation, the alter- kinetics. J. Gen. Phy&Wo. 75: 511 -529.1980.

HswQANN. T., OSWALD, Ft. E. AND CIIANGEUX, J.l.P.: multiple aiL-a of action* ~ations in rEPC could be well explained by an open channel foe noncompatiti blocite on acetylcholine receptor rich membrane frag-
blockade of this type (Neher and Steinbach. 1978; Adler et aL, rueals from Torpelo manwiornse Biochemistry 22. 3112-3127, 19&3.
1978; Albu er e et ai., 1980a)- KATz. B. AND HRlLSIPI. S.: A study a4 the desensitization produced by acetyl.uquerque a.choline at the mowto end-plite. J1. Phvsiol. (Lond.) 138:63-M0. 1957.

MAGizac. K. L AND PALLOTA. S. S.: A study ofdensensitizationof acetylcholine
AClIR AChR* S~... AChR*D rfeetors using netwt-reeaaed transmitter in the frog. J. l'hyaiol. (Lond.) 313S:

h-s 2254250.,191.
Mscizay. K. L AND STEVgENS. C. F.: A quantitative description of end plate

where 0 and ax are the rate constants for channel opening and current& J. Phyv"o. (Lond.) 223: 173-197, 1972.
closng.respctiely k,.andh-sare the blocking and unblocking SNg~ei. F. AND Sm. meacio. J. If.. Local anesthetics transiently block currentclosng, espctivly.k, ad ~tlirouei single acetylichofine receptors channels. 4. Physiol. (bond.) 277: 153-

rate constanta and AChR* and AChR*D are the open and the 176. 1978.
blocked forms of the ionic channel. The dissociation rate con- OSWALD. &. F... BAMMM*EA. M8. J. AND MCLAcUGHuN. J. T'.: Mechanism of

stit as egigbleat20 nd3W asobervd n he inle phenylidine bindingto the aetylcholine receptrfrom Torpe~jehetropisque.stan wa neligbleat 2 an 30C a oberve inthesinle Md. l'harmecol. 25; M40-368. 1984.exponential decays. The forward rate constant was slightly scusioet-MUuLEtI AND PARSON, R.. L.; Densensitization onset and recovery at
dependent on the membrane potential: it was 3.5 x 10' and 3.7 the potassaumidepolarized frog neuromuscular junction are voltage sensitive.

X 10 W ec' t -00 nd a -10 mV repecivel. Tis . Cc.. l'hysiol. 71: 29S-299, 1978.* x 0' -' ec~ t -00 nd t -10 m, rspecivey. his SIULCiN. A. T. AND MACLEAN, D. E.: Illicit synthesis of phencycladin. (PCP)
contrasts with that of quarternary local anesthetics where and several of its analogs. Clin. Toxicol. 9:55-40 1976.
forward rate constant is very dependent on the membrane r5AI. 84. C.. ALsxlRUQUItrs. F. X.. ARONSTAm. R... ELOEFRtAWI. A. T.. ELDF.
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mV, respectively (Neher and Steinbach, 1')78). The lack of a cular junction of skeletal musclet. Moll. Pharmacol. 18:159-166, 1980.
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TCP indicate that it can block the AChaR through two mecha-
nisms. by reducing the number of available receptors and by uso" reorinit remw at tia: Profease EdAe- X. Albuquerque, Department of

Plharmacoloy saal Fiienmental Therapeutics, University of Maryland Schoolaltering the open state of the ionic channel, af Medhcine. flaitin-oee. MD) 21201.
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Phencyclidine blocks two potassium currents in
* spii~al neurons in cell culture
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Key words: Spinal cord neuron; Cell culture, Phencyclidine (PCP). Tetraethylarmiortium (TEA); 4-Aminopyridine (4-AP);
Potassium channel; Voltage clamp; Action poxcntial

We sludied the effects of phencyclidine (1101) oin the trans~ient and delaiyed outward K *currents rccurdedJ from spinal cord necurons
gtown (102-20 days) in cell cuilture. Sodiumt cha;nnels were blocked with tetrodmnoxin (I I#M) 2nd-Avltions containing low calcium con-
ccnitations in the lircscnice of M&-` or C&2 (5 mM) were u~sed to reduce Ca- currents. PC? decrased the impliludc and prolonged
the decay phase of (he action potentials recorded at a hio~ing poicitnial of -711 mV. PCP (01.1-4).5 mM) was 1more effective thanl 1dmr-
cthyLimmnionum (TEA) or 4-aminompyridine (4-Al') in reducing both transient and delayed currenrN. 11ve amptiitude of the tranlsient
current dIuring control experittielts was alwayi, larger than that of tle delayed current. It afppearctd that 4-A?(5 mM) was nmore potent
it) blockiitg il:traosicilt ,urreni. while [LA (10l ton) mniKltied the deliyed current noire elecztively. Rotht currents were als~o reduced
by ;iout iil% wicro tltc cell soina was. perttised withi Co- . This~ migge%ied that~ a small fractian of the total outward current is I Cai .
activ~itcd K* current. 'the 1'Cl'-Induced blockade oif V' currei.t% in central neurons coulkd withlt hC pnfound synaptic effect% of the
dtug may provide the hasis for cipflaitting the psychopathology of this haillucinogenic agent.

INTRODUCTION rin-inactivatlintg oitlward current. which is simnilar to
that fotund in the periphecral nervous systemn, is acti.

The process of nettronal excitation is thought to be vated by depolantzing pulses,'". The transient and
regulated by outward currents carried chiefly by po- the delayed components can he separated pharma.
tassiuini ions, represented by a transient currcnt and a cologically lx-cau~c of their different sensitivities to

*slowly developing delayed ctirriCttt7. Depolariziittg 4-ainiinopyridine $4-AP) and tetracthylanimonium
voltages rcsult in activation of a transictnt potassitum (TE--A)`",1 respectively.
current in tmost of the neurons examined, including It is imtiprtant to learn if the alleralion of these
spinial cord neurons grown in cell ctilltire'"'''22. In .1 ottlwatrd currents can modlify nornail nettmonal excit-

- numnber of different preparations it hlaa Lieen detnion- ability, especially irt view of clinical evidenacc indicat-
%(ratcd that activation and inactivation of the trains- inig that intoxicaltkif with agents such as 4-All pro-
jent current arc voltage dependent. For exaniple. the dtiees prtofotnd ehantges iii littinnan behavior!". Il'hen-

peak amtnplitutde of th litIransiicit I cu rrenilt tlisied iV~ t a cycliidute (PlCI') and somei (of its analogs alter animtal
givencomianaidpoIett tlc e%;ts s Ithe holding anid hutman beha")tr bpln ldccy itteracling witha specific rc-

po~tentil is chatnged to less tleqative levels. IThe volt- ceptors in several areas of the brain`t '1 32. Previous
age for half-maximal iniactivalion varies fromn -75 lIiding% froin ourand otlher laboratories showed that

* itiV in inveirtebrate' aid spliiia cord neurons-22to -35 PCI' and Moinlc of its. behavmoraliv act ive amnalogs were
mV in solitary hiorizontal retitnal cells'. [he delayed able to block the tkettved rectifie, K channel in pe-

Present addics-: NIAAA/LPPS.% 12901 Washington Ave.. Rix-livite, Mtll 2(1162. U SA.
COrre~rpoderser. EX. Athiriluctj,.e. lDcparitcilt of( Ill a r liv.4.c1totvy antd Ulspeimenia l ij~ui~ University of Marytaisd Sebmuvl
i( Medicine, - lIitigute)c. MD) 21201. U.S. A.
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ripheral and central synapses3 1 4 This led us to recording medium to bokspontaneous and voltage-
suggest that part of the hallucin :ogeniic propert ies of act ivated act ion potentials. fin sonicxeiet
these drugs may be mostly related to their effects onl CoCI, (5 mM) was added to block inw~ard -calci.umi
potassium channels 3. In agreement with this finding, currents, which were alrcadyjeduced by using lowv
recent information obtaincd with at photolabile: anai- external Ca". Recordings were made using patch
log, of PCP indicates that the brain PCI' receptor may electrodes'and the w-hole-cell record-in-g-technique 14.
be associated with this type of potassium channel". Small neurons (21)-pin) having 3 or fewer small pro-

N ~~~~Inl light of the evidence indicatn htI''rcp cesses were used for the recording of outwar cu-
tors might be present in membrantes obtained Iromn rents, and the patch micropipettes were filled wvith a
spinal cord and hippocampal cells and because the solution of the following composition (mnM): KCI
sensitivity of classical potassium channel blockers in 140, MgCI 2 2, CaCI, 01.5. EGTA 5 and IIEPES 10
neurons from these two regions is similar22, we decid- (pH1 7.2). Thec patch electrode was connectcd to ain
ed to study the effects of PCP' on the transient and the UM EPC-7 extracelhdlarpatch clamp (List EMec-
delayed outward currents recorded from spinal cord tronie, Medical Systems Corp., Greenvale, NY) set
neurons. at a gain of 2 miV/pA. I folding~ and coninianc~jotell.

tials wvcre generated__with the aid of a__Digitinier
MATERIALS AND METIIODS D)40301 (Medical Systems Corp.) connected to a step

pote1ý10ntiomter which delivered voltages of ±200 mV
Tissue culture in tes of10mnV. M embr-mne currents and vchtaees

Spinal cords of 12- to 14-day-old mouse emnbryos; were recorded on FM tape (Racal 41)S. frequency re-
(C578B316) were dissected and neurons grown oil sponse DC to 5 KI lz) and were digitized at 2001
collager-coated plastic covcrslips according to It/on o nlss Current- voltagc relationships
methods decribed previously'-". Briefly. the spinal were plotted wvith the leakage and capacitative cur-
cords were cut into small pieces which were incu- rents subtracted from the total current using a PDP
bated with 0.25% trypsin for 30 mini (37 *Q). After 11/4(0 computer (Digital Equipment Corporation.
this period, they were mcchanieally dissociated in 5 Maynard, MA). Drugs wcrc applied either by bath
nil minimum essential medium (MELM. Gibco, Grand perfusion or by muicropcilkisiot with a blunt maicr~o-
island, NY) supplemented wvith 10% fetal calf seruml, pipette positioned above tlie cell soma. When using
10% horse serum and 0.0025% DNAtse (tloehring- the latter method, a 10 fem-diamietcr pipette filled
er Mannheim. Indianapolis, IN). Dissociated lieu- with normal external solution plus the agent under
rons were seeded at about 7x 10 cells per dish and study was lowered within 301 *mil of the cell and its
the growth medium was changed after 24 ht to one contents allowed to flow by gravity. Because sonie
containing 5% horse serum supplemented with a dilution occurs between tlte micropipette containing
chemically defined nutrient supplement-". After 6 the drug and tile cell membrane, the effective drug
days, the proliferation of background culls was ar- concentration ma~y be smaller than that inside lthe
rested wit 'h the addition of 5'-fluoro-2'-deoxyuridine perfusionl piplette.
(50pM) and uridine (130lEM) for 24 It.

Drugss
- ~Electrop/iysiological recordings Tlhe followving drugs w~ere used in this study: ITIX

The experiments were carried out at room Templer- (Calbiochem, La Jolla, CA). TEA (K&K Laboralo-
ature (21-23 *C) on the stage of an invertedI micro- ries. P'lainview, NY). 4-Al' (Sigmia, St. Louis. MIO).
scope (Nikon. Japan). The neurons were batihed inl and PCI'(NIDlA. Bethesda. MlD).
normial recording solution which conlained (miM):
NaCI 143, KCI 4.8, CaClz 2, MgCI, I, glucose 1(1and RUESULTS
I IEIPES 101 (pl11 7.3). Sucrose was adlded to ('btaIiiian
osmolarity of the growth miedium of 3301 m0smol/lit- Current-clanip rccordmngs
e~r. To) studly thie outward currents inl isolation. tel ro- Current-clamp recordinigs, were obtained fromt at
dotoxin (717X, I p(M) was added to the externial least 25 single neurons% grown for 101-12 days iii cell



culture. The memibratie potential meaisured in these parent its spontanemis aad curriait-elicited action po-
celIs was -55 t 9 miV (mean ± S.D.; it 8). Injection tentials (Fig. I')- Thus. to study the outward current
of 5 rns depolarizing pulses initiated in all cells stud- in isohition from citsir ionjic currents, we blocked tile
icd a single action potential as the threshold lcvel was sodium current sih TTX (1.O;iM) and Ca 2+ currents
attained (Fig. 1A), while hypcrpolarizing pulses dis- redUced with soktiions containing low Cal+ concen-
closed a lincar current-voltage relationshipi. Increas- ti-ation and in swrec experiments tile presence of
ing the duration of the depolarizing pulseN to 701 Ils Mg2 I or Co ' (5 aim). Under this Condition thle out-
elicitcd multiple action potentials in thc majority of wvard eurreti! present in spinal cord neurons could bc

Sneurons examined (Fig. 1C). A significant sponita- studied using variabic amnpflude I"~ pulses starting
neous activity resembling miniature synaptic poten-
tials and spikes was also observed (Fig. 113). -This
spontaneous and thle currenit-evoked action poteii- A
tials were blocked by MT, a sodium channel blocker

* at concentrations of I.OuM.

Vohtage-clamip recordings
Current-clamnp experiments disclosed the presence

of a sodium-dependenit conductance which was ap-

40

-80 -0. .4 8

F~ig. 2. Outward ouscuis recaided iromi a single spinal cord
neuron. A: aficircoallislng 2gigaiiihmcat the mcnibrane wis

* ~disrkliptd bya;gpl~Ay alsnall suction to the patcht rncropipette.
E Th- l-ft panci slicmn cunritol outwacd curfrents obtainecd at

0 illeilibraiic potclitiak of -Alt. -'Ztl. IS +2(1. +40, +(A) and +80(

A 0 30 rn ioV %Itamiiog froin a h*liapoicntiia o4-Ml mV. Note [ihc prs
C GO MS L'ice ill tile *1 right panm-ls sliuws

cut lclts recoided Izom a holdiing pnkictial of - lIM inV, the
Fig. 1. Spomianeclus and current-oiimuced electrical jictivily ill comimanmmd polentiakworc: -14). -M.1 -40h.-20,01. +20). +40 an'
spinal c~ord neCurons in cell culture. Currcimi-immduccd action po. I'Mt miiV. The CUaalUbahAUng so~lk9tiCon c iPtiCd 1TX 1o block
tcntials were cxaintincd in neurons hied at a1 iicnimiramme poteim smiditmii curicnts (21 'U. pi I 7.3). M1 culifeut-voltage relation.
liil (if -70i uV (21 'C), A: toinrial spikcel b.miiii-d Under cur- ship% foir the Itmokm~ and The daycd iutward current'..The
reilt-clav 1-. conitiaon% by passinig a coi~tl'.tI ckneiritl pul1se of 5 traitseiiot cuiirfetl. im se5cIal mciietlilran. pitctiaiil. was inca-
ains duration (2801 pA). IS: Npumitaileuis %pi kes oblitnied frtomm sold at 12 ii'. III tlli ulxd- on~o stasting fiontholdintig poilet-
another ic uroll at a Inolb iralic poltemitial of - 50 In v. II- - - Iiamls of - IM K (0) 2W~ -M) omV (11). I'he declayed mmirrco ill Wd
preseneceol"I1TX, which blocked I h is six iii ;iiicou'. aetii% it y , cail- 11cmim amcd 0fl it at"m 4rPulse iliiset andi it was1 tess depiendenut oni
ciuin dcpCndci sna wc qIcnm Iimls %wercuibs..crved in atxmit tie hotldinig puuicntaiAtis thle transienit current. The holditig

p 79%ý of tleucncurons cxainiined. C: typical response (,ut s;pioal pmf~Iteialls WerV -l(t4tt ad -(i) IHV (U). RChI SYMbolI (cprc-
cord ticurous using a oirrcot piulse of 701 Ins dlrtiramtui (27)) pA). sell%% thile nian ctuvw~ ubjitwsd fna-~u cord aicintros.
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from a holding potential of -601 o, - 100 mV. Fitz. 2 tials fromn those at hyperpoilarizcd potentials. To
shows typical current traces obtained from a spinal study lthe effect of PCP on these two currents, the
cord neuron after the subtraction of capacitive and amplitude of each of themn was measured at different
leakage currents. Outward currents composed of two membrane potentials; the peak transient current was
components were observed in 90% of thc neurons measured at 12 ins from the onset of the pulse and the
studied (47 cells). These two currents were charac- delatyed current at 60) ins. The current-voltagve rela-
Terized by a fast-rising but transient component and a tionship for the delayed current was similar at hold-
slowly rising non-innctivating component, the ing p~otentials of -6) and - 100 mnV (Fig. 213). Depo-
delayed rectifier current (rig. 3). Weq believe that larizing pulses to +220 mV from a holding potential of
this sh oulder represents the activation of thie A-cur- -](XI mV were effective in activating the transient
rent because it was sensitive to 4-All and it was re- and the delayed currents (Fig. 3. top trace). Pulses
duLced by depo)larization (Figs. 213, 3). T'hese two cur- from -20 mV. however, activated only a slowv out-
rents could be separated byd(igital subtraction of cur- ward current (see Fig. 3. lower trace). The subtric-
rent traces recorded at depolarized holding poten- tion of the slow current from the mixed current gave

a fatst rising. :ransieni, outward current which ap-
peared to represent the A-current9. Similar to the
transient current seen in invertebrate' and spinal

< cord neurons2' the one seen in our experiments was
U! significantly reduced when lthe holding potential was

20 rMSeC shifted fro~nt-90 mV towards positive valuws (see

0.8-inactivated between -65 and -701 mV'. Thc-e valtics

0 ~compare well with tlios, obtained from the same type

The pharmacological agents 4-AP (5 mMI) and
TE'A (1t0 ink) caused partial and non-siecetive

-100 -50 o blockade of the transient anid thle delayed currents.
MOML'ev ne potential tmv) For example. we found that 4-A P reduced the trans-

Fig. .1. Effeclu or lthe holdiing otL-ntial (in Ithe transie-nt curtrent ient currents and the delayed rectifier current in the 4
airnphtitude. Upper parnct %how% cnntirot corrent trace, utn.,ined neurons examined (Fig. 4). This figure shows that 4-
at +20t mV %tarting from hoilding tIlklteidt% of - IlkI and -20) Al' was able to block the early outward shoulder oh-
mv. The ctirretit uititaj,!Cd from - tIE) oiV hiop trace) wa% col"- srvda.-4 V
Itw1%l.(i f aI fast rtisimt etirrceit which itccr-;.eawt loia sleautly slte erettC4 n

vatkuc fter reatctiotg it% peak alaio huut 12 titt. Whent lthe hohdting Theire is good evidence which indicates% the pres-
IN 11CeIt 6tt ,va - 2t0 111 V (Ii. IM$it nIe I. tic f;' ti' I III ttw~i% Chmnt ence oll a C a - ict ivated K' current (in ~vertebrate

imated aidu ounly a I~n %lwevelouping otutwa rd correwD wa~ctt* -oh- - -- .

%ervet. tDigitutilihtr.Itttio (if litiw'. twot lfc'lm trac"u re'utitect siympathetic nettronsi5' and spinal cord'0' neturons)
I Iru l~iilt(li 1* rt crret ~hiiti tuiti' tty ulit Iik' i un~derlies -the t1 ransie"i Componen4-t o-- -_--iii I ian~cst omatd tircm hic copletly nacivaeda ofthe outward

ituttuit 7t0 Ili (middeittih.tacc). itie tower linde sthows lthe retli- current. Consiitent with these tol servat ions, we
lion-ihip hicteeni the ampitiVtitode of(ic theIramienti current oh-.........................___
taini Diat aicotttittand Puttenhit it!+al m .adI ioiittuf~ found that tie transient current-was markedly re-

tenu~t.th :uuuliuoesar exrre~.edi tract ion oft tic v~ihWt' duced wvhen the patc incopipette contained 140
fir - l011tinliV which wam given a vitcuc (#f I. thui. conrt~iti ncrt hlf-i! niM Rkh" a catiim which permeates poorly the calci-

curentcunignei foum.1~ ttt 1d1 1ui-:tctivated potassium channel".~ Additionall Iy.
(21 %(t. Nitle' (if tle neuronts examined were sensitive to the
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d
20 msec

Fig. 4. Effects of 4-A? on the outward currcthts of tlic spinal cord &euron. The current tracc�� obtained from a single ccU at holding

potentials of -60 (left) and - 10(1 rnV (right) in thc prcscnce of S itiM 4-AP. Thc traces are ewecats recorded al potentials ranging he-

* tween the holding potential and +80 mV in ste1,s of 20 mV. lite trami�ient current was sagsuiacanlly reduced at - IlK) IIIV Itid the OLIt-

ward shouldcr. indicative of a transicntcurrcnt. w;ms absent when the liolditig pote itialwas-�mV. �Comjrnor Fig.2A.)

application of 5 mM C�Cl,. This Ca� channel block- that a part of the o�itward current is carried th�ough

e� reduced by about tt)% the tr:nsstent and the the ealciunt-activaled potassium channel.

* delayed currents. Thcsc two obsc'vations suggest

* �CONTROL I 100 jiM PCP -

S

200 �iM PCP 500 jiM PCP

S

E
0

Fig. 5. Effccts of IU �fl* � iteuriiii�il actitifi ptfl4:iitidl *l�he vult*ige tI*I t�icd a 30 ms
to scva:ral eniicesitrat.nma of PCI'. i� cinUijid a:t� rcttdiig&iI.ii Piil�e tif tMrrent (ZXtI

�A. 7�J liii) liefure and dttntK the cx�i�ure jvuieaiial WaltihtMtitId in the P�e�Ii(e
of normal hathin� lOlUtililE II Was f,.Il,,wcd l�y a stisall �uhihrc�lit.Iil � 1iike which was claw i�wlicn I'CI'(>2ltUptMJ was addcd to the
bath. PCI' was elfective iii reductag the anaphtudv and piuilousging the spike durat.ou an a cixutauataumn-ticpeuident manuier,

S

S
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E'flires of PCP til the ý:ctiolI potelitial 11111off the (nit- nificantly lower than that for 4-AP or TEA, For ex-
Itr' urren t)J he spoult! cord nelfroln ample, concentrations of 4-Al' and TEA used were

Illc aIditioI1 of P1CI' to tile solbit ioll bathing the spi- usually 5 niM while PCP was cffective at 200p/M. Fig.

cial cord neurons revealed two alterations of thle neu- 6 shows the effects of microperfusioti of I00PM PCP
ronal excitability: a reduction of the amplitudi, of thle onl the outward currents obtained at an initial holding
spike and a prolongation of the spike (Fig. IS). Under potential of -Wif mV. Continuous microperfusion
corirol conditions a depolarizing. current of 70 ms du- with 1C01 for 30 s produced about 35% depression of
ration produced a fast spike followed by a late second thle delayed current . Simultaneously, thle transient
spike which was usually smaller. PCP (200 ' M) pro. current was considerably reduced. The recovery of
long~ed thle repolarization phase of thc action poten- thle delayed current was complete after removing the
tial. I ligher concentIra tions wcre also effective in re- drug-containing, mieropipette. Using a relatively high
ducing the amplitude of the first spike and in blocking concentration of PCP in the bath (500 /IM) we oh-
the second spike. In the presence of 50M ' M, pulses served a marked block oif thc delayed and transient
of 5 ins duration were unable to activate the neurons currents (Fig. 7). At this concentration of PCP, there
to fire the late spiker. In a few experiments using 500 was 50% depression of the delayed current while the
aMl PCI' we have observed some: reduction of thle in. transient current wais completely abolished. This ef-
ward sodium current present in these neurons. I low- rect of PCP on the transient current was more appar-
ever. wye did not Jiudy this; effe-ct In detail. Thle coni- ent when the iniplititdes of the two components were
ce~ntration of P'CP necessary to cause the blockade (if plotted at different membrane potentials. Contrary
the outward currcnts of the :;pinail neurons was sic- to control conditions. where the amplitude of the ear-

C9

/ 20 onsetc

flA CONTROL WASH

2040 602 80S

r,5g. 6. 1: ffct enecrnpcr(lieramin %t111 PI~T'I tain tile Spna ctirti 1111waru ctirreii-iw.Th tupi pca nct xtItww carremt IftracL- ohi aied I'orie it
m 11)tI lwirt: n tor i. f't ligA-eIIor mt!;atida I io:r Ilice :qplw cai i acts I11p I N s (I* montto Hiot: LIII1 M4in 'I fie: IKiltdthle or"H tcitlthl Wa% 44(1 111V and file

ocie~imn ;'.aI.lI ct.,wee I. -11 -24, I,4211. 1l +61 a) d iM io i1 siV ivloice ttnwer paceicl shicw% i ht titii: caau;'me iof Ihe effectis alof t tan
IIII: trran%icail (C )l intl livIe dtelayedcl t top errecti aciipiittie~tic% n c-aciml it ai 2 cu 1 cli cn. r Iifila c ell Itcld -641 vinV iand delithari/ed Its

Il cV tPw1tetd y c otccn t tInta eii te Ž1'c dctpcheiii1w ttk u:wt iiit eeeII: hei a ptet
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Fig. 7. Currcnct-voltage relationship~s in the presence oi 50pM l'CPt'.T'he symbols rcprcsem dse mcain currcntfo*r the early (0) and
the delayed (0) currents obtained from 3 neurons in thie presencc of 500pM PCP' (21 *C). ~P ~cduccd both components; and con-.
trary to control thc early component had the samec anwpltudc as thc dclaycd current. The ozlrea traces arc train a neuron bathed in
500pM PCP and showcd a large depression inl both components (21 *Q).

ly current was always larger than thc d.layed cur- tentials greater than -%0 nV. Apparently, the scc-
rent, in the presence of PCP' tilc current measured at ond component of the outward Current did not inacti-
12 ins had the same amplitude as that avzasured 60' ins valte during tile dM-Lu~izuing pulse, and its amplitude
alter the pulse onset (Fig. 7). Recentt experiments wits not affected when dhe holding potential was dc-
with neurosccretory cells, where th', holding potcn- nolarizcd.
tial was kept at -100 mV which clearly shows the Thie study of thumc Iwo outw'ard currents witia two
presene of the transient current. enabled us to oh- potassium channd block-rs, 4-AP and TEA, did not
se~rve that PCP was an effective ,lIockcr of this cur- reveal the existece~ of a specific blockade of these
rent in isolation. Simultaneously, PCI' was also a po- two componetnts but, in most of tile cells studied, it
tent blocker of the delayed outward curri-nt recorded appeared that 4-Al' was a mote potent blocker of the
at a holding potential of -50J inV. traut~ient current. while TEA modified thle other cur-

rent inore elffectively. These two currents were also
DISCUSSION reduced by 10% when the cell sumta wats perfused

With 5 mM CoCU. %uggeslitsg that a smtall fraction of
Inl this Study We hJVC ShIoIA-1 thalt CI'Cl Was Very et- ite totatl tonic cunfems is a calciuini-activaled potlassi-

fective in blocking two types of outward potassium umt curirent 2. =--

current present on spinal cord neurons grown inl cell PCI' diminished ncuronal excitability by reducing
culture. In agreement with~ oher reportS" 12. we the amplitude of the fist spike and by eliminating the
found that spinal neurons showed a transient current second. subt~elircho spike activity. Thc rate of repo-
and a slowly activating outward cufrent when abrtupt- litrizattion of thie s4xk- was lengthened at all of the
ly depularized fromt their resting iniembrane poten- concentrations uswi ffHg. 6). The reduction (of tihe
tial. The I-V relationship obtained under conltwl 17X-senit~iive spikc indicate-. that l'CP also inter-
conditions did not display an anomalt us rectifier cur- fered with neuriiiai s~ittms conductance, m ost likely
rent, and hyperpolarizirg pulses fronm -6W mV pro. lhioug!ita locký.& of vofrace-dcpelldent sodliumi
duced capacitative and leakage currents that were channlels. We did sun study tile action of PCI' Onl cal.
linearly related to thle memivbranec potential. The cillin clurrent, hut frvent studies have indicated that it
tranlsient compon~ent of the otitward current ob- dloes block such cuurtzi in) cultured inyocytes".
served in our experifnetits appeared ito he thle A -cur-- IThe blockade of te piotassiunt oultw;uid curirents
rent originally described inl inivertet~rate neuronis'. prodluced by PCI' in centrail nieurons is oftnarked in-
Thlis current wits activated below thme resting mmcm- portance. It could citplimm thme increased necuronal ime-
brane potential and it was inactivated at holdinig po- tivity associated Mth an increatse of 2-deoxyglucose
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conlsumption ob~served after PCP administrationix. fronm braiin presynaptic nerve terminals has provided
However. because PCP had at depressant action on somec evidence relating this receptor to some type of
the sodium current which is 'responsible for spike brain potassium channel24 The present findings dem-
generation in spinal cord neurons, we were unable to onstrate thle interaction of PC1I with K' channels in
demonstrate an increase in excitability expressed as central nervous system neurons. The concentration
in increase in the rate of spike firing. Thle lack of in- of PCP which altered the electrical activity of spinal
creased electrical activity after blockade of K* chan- cord neurons in cell culture was higher than that re-
nels by PCP is intriguing, and more experiments are quired to cause a simrilar effect in neuroblastoma and
needed to explain these results. One possibility is rat brain synaptosomes2"'-. Thlus, it is possible that
that important cellular elements, such as second mes- potassium channels in spinal neurzons grown in cell
sengers are dialyzcd by the patch micropipette dur- culture have a lo~wer affinity for PCP. These channels
ing the experiment. It is alist) possible that neurons seem to be much less sensitive to PCP than the volt.
from other areas of the central nervous system may age-dependent channel present in presynaptic nerve
ha-ve a distinct behavior, i.e. increased activity. In terminals in rat synaptosomes and at the presynaptic
spite of die lack of enhanced activity, we believe that nerve terminal at the rat neuiromuscular junction45s.
the blockade of potassium currents is important for4
thle interpretation of the pharmacological properties
of PCP, i.e., enhancement of muscle strength. hallti- ACKNOWLED)GEMENTS
cinaItions and an increase in excitability which is gen-
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ABSTRACT The actions of phencydhdiae [I-- ,hauIcy- suggesting a difference in affinity for the closed conformation
clohexyl)piperidine. PCPj and its morphollinte analog I I-(l- of the AcChoR (5).
phenylcyclohexyi)morpholine. PCMJI on ionic currents of nico-
tinic acetylcholine receptors were stuteied at the neuromuscularMA RAL AN MEHD
juinction of frog skeletal muscle and on embryonic rag muscle*cells in tissue culture. PCP and PCM reduced the peak Acetylcholine (Ac~ho) Sensitivity of the Chronically Dener-
amplitude and the decay time constant of the endplate current vated Rat Muscle. The response to iontophoretically applied
(EPC). PCP produced a vatltnige-dependent curvature and a AcCho was studied in denervated (7-10 days) rat soileus
time-dependent hysteresis loop at negative potentialls (at pote.- muscles by using methods previously described (6).
Htlas from -50 to -150 mV). In contrast, PCM caused a Mic.-opipcttes filled with 1 M AcChow and having resistance
depression of EPC peak amplitude, but the current-volaeW >100 M~fl were used to induce AcCho potentials of a few
relationship (+60 to - 150 mV) remained linear. When PCP- millivolts ac 1, 2. 4. and 8 Hz. The muscles were perfused -with
modified EPCs were elicited in trains at hyper-polagrized ptefte. the following solution (mM): NaCl, 135; KCI. 5; CaCI2, 2;
tials the amplitudes of successive events were progressively MgClz, 1; NaHCO3. 15; NaH2PO04, 1; and glucose, 11. This
decreased and the magnitude of the2 decrease was dependent: on solution was bubbled with 95% 0215% C0 2 (pH of 7.2).
the le~vel of hyperpolarization. At positive potentials; the process Voltage Clamp E~xperiments. Voltage clamp experiments
was reversed; the amplitude increased with successive stimu- were carried out on surface fibers at the endplate region of
lations. The EPC decayed exponentially in the presence of PCP sciatic necrve-sartorius muscle of Rana pipiens at 20*C, usingifand PCM, with ashortened time constant of decay that was less a two-microelectrode voltage clamp described elsewhere (7,

*dependent on membranse potential than control. PCP and PUIM 8). Two voltage paradigms were used to study the effects of
caused only a 20% decrease of the amplitude of the P0.1 and PCP on the current-voltage (I-V) relationship and
itnlophoretically evoked acetylcholine Potential. which was on the time- and voltage -dependent blockade of the £PC.

4 significantly different from that induced by the desensitizing Voltage sequence I consisted of 10-mV steps starting from a
alkaloid perhydrohlstrionicotoxirr. sloth PCP and PCM rit- holding potential of -50 mV. The ý;ommand potentials were
duced by 50% the mea" channel open time obtained from rat made sequentially in the depolarizing direction and thcn the
mynballs, giving a potency ratio for PCP to P"7M of 2.S. This hyperpolarizing direction between the voltage extremes of
relative potency was correlated with that ohitalned for the +50 and -15t0 mV at a frequency of 0.33 Hz. Voltage

reduction in the decay time constant of the EPC (ratio = L2). sequence If was used to test the effects of long conditioning

berltdto a ofrainl hneof t aeycoie heEPC (pc.Tevlaewas held constant for several
reetroccurring beforne channell activation and not to a hundreds of seconds at +30. -50. -100. or -150 mV. The

receptor desensitization. muscles were perfused with the following solution (mMf):
______________________________________ NaG. 115: KCI. 2; CaC!?, 1.8; NaHPO4. 1.3. and NaH 2PO4.

* liochemica! and electrophysiological experiments have es- 0.7 (pH 7.1-7.3).
tablished that 1-(1-pnhenylcyclohexyl)pipcrndine (phencycli- Patch Clamp Experiments. Single channel currents were
dine, PCPI) specifically binds to at least two site% of the rccorded from, membranes of embryonic rat muscle cells that
aIcetylcholine receptor I Ac~hoR) (1., 2). PCP. histrionicotox- were grov .in !issue culture (9-1 1). Myoballs were perfuscd

in, nd erhdrohstroniotoin 01211TX hav prvidd a with flanks solutoon of the following composition (mM~).
in. nd prhyrohknoncozoin 1112 1TX hav prvide a 137; KCI. 5.4; NaHCOI. 4.2; CaCII. 1.3; MgSO 4, 0.81 ;

great dcal of information about thec interaction n(f noncom- .KllzPOI. 0.44; NaiHlf" 4. 0.34: and o-glUCOSC. 5.5. The PH
petitive hlockers with the Ac~hoR ion channel (also referred wajsc o71wt ipe ufr n . I

*to here as AcChoR). Similarly to 111211TX, PCP produced a tetrodlotoin was;Added to abolish the contractionof the cells
voltaige. and concentration-dependent depression of the Peak upon sitimulation. Single-channel currents were recorded by
amplitusd otthe endrlate currenrt EPC). In thecpresent paper using cell-attached and inside-out patch clamp techniques.
we dcscrihe these effects of PCP (Fir~ 1) ;ind compare them Tepthpptcwsf'c ihPPo CMdsovda h
with the ditinctly different effects of it% morpholine analog, eirdcnntaIonII ak ouin hr plcbe
1-(l-phenylcyclnhexyllmorpho~line (PCM). We also provide Sodensi upred cocnr tesn wnfans' usedution compre datpiabfrom
evidence indicating that the mechanism oif action of PI", is coudntrol undepaiedm estwa s ind ito. Vd ue to f' 0 wepr dt rem
differenit from that of IfI :IiTX. which is known to cause considered statis ~tiall sionditicons.Vauso? 0.wr
ieceptor desensitization (3, 4). Finally, we explain the phar cnicrdsastalyigfcn.
macoilogical activity of PUCP and its morpholine Analog by Abeitoi c:wt.att~lcln:A~onctnc.Ah

Thepubic 1tu coi %f hisimile eredrfa~e #par bypatae~wasfe receivicv and it% aaisiwiated toruc channel. 1101, l.(l-phenvlcycto-
Theputi aso c I, tii n ewr rr~e nvnb ae~a teicstpipt'ndine inhencycliatfnel: l'CM, .41-tphenylcyclohtexvl -

paymnent. tI u article mliii therefore he herelsy masked "avs.,wm morphailhne: tIf rX hi-trniamacolowon; 111 .tllX. perhydrabiusitrifricu-
;n accoirdanlce with IN U) S C:. 11714 %olely taw indicaie iho% (Act. hsssn: 1-l. cizrtent-voilaiae: tI'c. endritlme current.
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RESULTS -O -I= - -

Effects of PCP and PCM on the I-V Relationship and the -. .-.
Decay Time Constant of the EPC. The I-V relationships, as 0 ...

measured by using voltage sequence 1. in the presence of PCP _
and PCM showed significant differences (Fig. 1 Left). PCP
(20 MNI) produced a hysteresis loop at potentials above -60
mV and a negative conductance in the I-V relationship at <
potentials negative to -100 inV. PCM, even at much higher

phase were also altered by both compounds (Fig. 1 Right) but I
remained a single exponential decay at ail the membrane
potentials and drug concentrations tested, thus suggesting a -
slow unbinding from open channels. The relationship be-
tween the rVpc and membrane potential can be described by I
two constants: r(0). the time constant in the absence of
electric field and H. the constant describing its voltage
sensitivity (12). The control values for rT(O ranged from 0.79 ,a in

to 1.67 msec. and the vaiues for I/ ranged from -0.0055 to Time. sec
-0.0072 mV-. PCP (30 ,M) and PCM (80 .M) reduced H ,Fi. 2. Vo•.a.--dependent effects of PCP (20 AM) on TEpc and
to -0.0043 mV-i and to -0.0015 mV-1, respectively. In the the peak ampiiuae of the EPC. (Upper) Each point repiesents the
presence of the same concentrations of PCP and PCM, r(0) rEpc obtained at an imtial holding potential of -50 mV and a rat' of
was reduced to 044 and 0.47 msec, respectively. 0.33 Hz (2LTC. (Lwer) Each poat represents the current arnpitude

Time- and Voltage-Dependent Blockude of the EPC. The correspondifg to the b shown above at the same membrane
peak amplitude of the EPC and the rE•p recorded when potentials. After a voltage change to -100 mV, the peak EPC
voltage sequence If was used arc shown as a function of time amplitude decreased ewponentially as a function of time, with a time
in Figs. 2 and 3. The blockade of the EPC produced by PCP constant of aprmomanatly 15 sec. Stepping the membrane potential

back to the holding potential increased the peak amplitude, which
(Fig. 2) was different from that produced by PCM (Fig. 31 reached a new equilibnum at -40 nA. At ÷30 mV. the peak
With PCP. the inward current decreased each time that the amplitude incaeased with tnme, reaching a value of +40 nA. Finalt y,
membrane potential was made more negative than the hold- the peak ametude decreased from -70 to -40 nA with successive
ing potential (-50 mV). When the membrane potential was stimulauons at -50 ray. Note the distinct behavior of the peak
depolarized from -50 mV. the peak amplitude of the EPC amplitude, at -50 miV. before and after the depolarization to +30
increased to a new steady-sttate value. Fig. 2 shows that the mV. In contain to 'e changes with time in EPC amplitude. the time
peak amplitude of the PCP-modilfied EPC was reduced constant af decay reinainedunchanged at all the membrane poten.
exponentially when the membrane potential was changed tials tested.

from -50 to -100 mV. Upon return to the holding potent~al. -100 mV. Finaliy, repetitive stimulation at -50 mV de-
the peak amplitude of the inward current increased from -20 creased the peak amplitude from -75 to -40 nA, which
to -40 nA. Similarly. at "30 mV. the peak amplitude of the appears to be the steady-state current at the holding poten.
EPC increased with time. reaching a value of + 40 nA after 30 tial. PCM. unlike PCF, did not produce any of these actions
sec of stimulation. This plot also shows that the peak at the membrane potentials tested (Fig. 3). Neither PCP nor
amplitude obtained at the holding potential after depolanzing PCM caused time-dependent alterations in rF.pc. This is
the posisynaptic membrane to -30 mV was markedly larger particularly interesting with PCP because it reduced the peak
than the one obtained after hyperpolanzing the membrane to amplitude without altering rp (Fig. 2).

l'CP P(1M

Membrane potenitdl. mV 9
-I011 - 1211 - 1 - 41-

99 Fic. !. EfTects of PCI' and PCSI
(stunctures in Intri) or, the cur-
rent-voltage relationship and the

C1 s decay time constant of the FPC
- (rrq-). I.Left) I-V relationship in the

absence (o) and prcsence of PC' (::.
20 kAM) and PCM to. 80 j.M). Each
,ymhol and bar represents the mean

S-. EW obtained from at least five
endlptlatet from three or more mui-
dcle. tRoatAr Relationship between

- t, rhe rl,- and the membrane poten-

-11* 41 a tid. these values were obtained by
iii' u oltagle ýequence I at a tim-.

0 M u, -r-'11crlis.1l, mv urlaton ltequenzv of 0. 3illit 420C0.
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Time. %CC FI.4Vlae and tune-depcnrdent recovery of the peak am-
plitude during the exposure to PCP. The four groups of EPCs were

FI.~ 3. fet fPM(04M n7Ecadtepa mltd recorded from a single cell that was initially held at -50 mV in the
3 f EPC. (Upper) Each point represents (he iE. obtained from a presence of30 AM PCP. EPCs were elicited at 0.33 Hz until the EPC
separate expen .ment using the same voltage paradigm as in Fig. 2. am~plitude reached an equiibrium value (approximately 45 sec. mean
(Lower) Each point represents the amplitude of an EPC evoked (0.33 amplitude of -38 isA). The membrane potentials were ther stepped
Hz) from a sin~gle muscle fiber. starting at a holding potential of .- 50 to tlie teat menmaane potential of +30. +60 and +70 mV. detween
mV. Depolarztng the membrane to +30 myV did not remove the each test voltage the membrane potential was returned to -50 nmV
blockade produced by PCM. and held until equiliburium was reached. The four EPC's shown at each

membrane potential are the 1st. 4th. 8thi, and 12th pulses in the train.

PCP was able to produce this time-dependent blockade
even in the absence of nerve stimulation. In the presence of contributed to the increase of the inwaird current round when
PCP. the EPIC measured at the holding potential after the membr-ane potential was retuned to -SO mV (Fig. 2). The
hyperpolarizing the membrane to -100 mil for about 60 sec: outward cur-ent in the presence of PCM did not change at
was s.'ignificantly smaller than the one measured immediately positive potentials (Fig. 3).
before. Effect of I-CP. I CM, aind II,2IITX om AcCho-lnduced

Voltage-Dependent Recovery of the Outward EPC. The D~esesitizatiou of the Extrajunctloatal Receptors ofthe Chron-
peak amplitude of outward currents increased in a voltage.. icaly Dentervated Soleus Muscle. The time-dependent effects
dependent manper in the presence of PCP. The peak arnpli- produced by PCP on the peak amplitude of the EPC could be
tude of the PCP-modifted EPIC measured with voltage *-c related to receptor desensitization of the kind seen with
qucnce I displayed a small increase at positive potentials (see chlorpromazine (13). To determine the degree of receptor
+40 mnV in Fig. 1). When the postsynaptic membrane was desensitization. if any, the response to iontophoretically
depolarized for a longer period of (tine by using voltage applied AcCho was studied and compared to that observed in
sequence [I. a significant increase on the outward current the presence of HI 2HTX. an alkaloid that desensitizes Ac-
amplitude was observed (Figs. 2 and 4). Fig. 4 shows, the ChoR (14. 0) (Fig. S. trace D).

*typical response obtained at positive potentials in the pres- The amplitude of the control AcCho potential induced by
ence of PCP (30 uiM). In !his experiment, the membrane short iontophoretic pulses (0.5 msec) was constant at fre-
potential was changed to +30. +60. and +70 mV from a quencies between 1.0 and 4.0 Hz. The amplitude at the 60th
holding potential of -50 mV. It show,. that the rate and pulse at 1.0 Hz for example, was about 95%/' of the first
magnitude of recovery of the peak amplitude were greatly potential (Fig. 5. trace A). PCP at 5 jsM caused only a 20%
enhanced when the membrane potential was increased to +60
or +70 mV. The time course of the outward current d~d not t Aracava. Y.. DA'y. J. W. A Albuquerque. E. X. (1984) Ninth
sundergo any change during the increase in the peak ampli- International Congress of Pharmacology. July 30-August 3. 1984,
tude. T he increase irt the amplitude of the outward current London. England. abstir. no. 601P?.

A It IM )

I)C'

0 310 4 1

Di.5 kesn~ataraticon of the e~itfrjunctional AuClio receptors of the rali utieustmusclei induced by IICP. l'CM, and 11,111TX. tILrta Typical
AcClio piitentialti ohtuiried in the .ah'rnae (irate A) and presence ofi 1,('1 (1 g.m. trace lit. l'(M (00 tM. trace Cli and Hll,,l'X 0S A.M. trace
InA (Hev/to i)rie courseite odesenuiiatiein. with %en"I'itivictv pre %d a% a pefrerentwa control at the same drug tonicentrations. 9. Control;

I'Vl'. K. M' . #inid a. If,.If X. l..ith %yrnhol repirtisent the me-in frim fotor or five determination'..
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pS arnd a reversal potetial of -5 mV (n - 3. 10*C). Neither
0 04*4the single-c.'uamel conductance nor the reversal potential was

changed by PCP (2 AM) and PCM (4 AM).
I With Ac~bo alone (0.2 jiM) channel activity was observed

1ý1-2 +, as single- and double-current events, and this suggests that at
" ' ~ ~ least two channels were being activated by AcCho. PCP

B caused two dffects on single-channel activity: it reduced the
4-1.5 -mean channel lifetime and the frequency of channel opening

Membrane poienfial. mV (Fig. 7). For example, PCP. at concentrations between 4 and
-1601 -80 10 AM, caused a large reduction in the number of channel

I I I 1openings at the same AcCho concentration (0.2 AM). With
+80 IN)PCP (10 AiM). channel openings were rare and only a few

<t openings were detected. This reduction, which occurred
withou! changes ins channel conductance, may well represent

. .~ blockade of the closed conformation of the ionic channel.
~~± PCM (10 jM) also caused a reduction in the channel opening

-3.0 frequency, but to a smaller extent (Fig. 7). No complex
0. behavior (burst-ing) was observed in the closing kinetics of

,~ these AcCho-activated channels. PCP (4 AM) and PCM (10
4.5 A M) caused a reduction in channel lifetime and channel

opening frequency without changing the mean burst time.
The best correlation with EPC studies was obtained in the

Fia, 6. Current-voltiage re lationships obtained in the presence of reduction of chanytel lifetime (which may represent open
PCP and PCM. Single-channel currents were obtained from an channel blockade). It was reduced by about 50% when the
inside-ou patch in the presence of AcCho (0.2 AM) at ± 120 tr.V patch pipette containing AcCho had in addition PCP (4 pM)
tlO*C). Bandwidth was 1.0 kHz. Each poipt in the lower graph or PCM (10smA. This represents apotency ratio of about2.3.
represents a single determination of the single-current amplitude at which compares rather well with that obtained for the
the indicated membrane potential f inside-out and cell-attached con- reduction in r~El-c (ratio of 2.2).
ditions). The pipette contained AcCho alone (0.2 MM. 01. AcCflo plus
PCP (4 MM. c). or AcCho plus PCM (10 MMt. z). Linear regression
analysis gave a channel conductance o."25 p5 and z reversal potential DISCUJSSION
or -5.0 mV for all the conditions (10*C).

This study discloses two important features of noncompeti-
tive blockers of the nicotinic receptor: (#I the unique voltage-

reduction of the AcCho potential after 60 sec of repetitive and hime-dependent alterations of the 1-V relationship pro-
AcChe application atthe frequency of1.0 Hz. Tis effect was 'duced by PC? were eliminated when an oxygen atom was
almost indistinguishable from that of ['CM (50 AiM). The introduced in the piperidine ring, and (ii) H1l,-iTX produces
effects of PCP and PCM. however, were different from those a much larger desensitization than either PCP or PCM (Fig.
of HoiuT (1-15 AM). which reduced the response by about 5).
7C% (Fig. 5. trace Dl. These results demonstrate that PCP PCP and its morpholine analog had two effects on the ionic
and PCM have similar desensitizing properties, but both are cun-ent induced by the binding of AcCho to the recognition
much weaker than Hl.1 II{TX. site on the AcChoR: a depression of the peak amplitude and

Effects of PCP and PCNI on Single-Channel Activity. Single. a shortening of TEPC (Fig. 1). They reduced the peak ampli-
channel currents were recorded from myoballs in the pres- tude of the EPC by about 50% at 15 MM (PCP) and 90 AMM
ence tof 0.2 AM AcCho (Fig. 6). The amplitude of single- (PCM); their corresponding values for 50% decrease of i'Epc
channel currents activated by 0.2 AM AcCho was linearly were 25 and 55jAM. respectively. The blockade produced by
related to the membrane potential across the membrane PCP increased with time as the membrane potential was
patch, and the I-V plot yielded a channel conductance of 25 maintained at a hyperpolarized level and decreased when the

C'ontrol 4 ,tM VPI It) AM PCM

lo- - 0-

11r-f WAt me 100 0
~u~s~ ~ ~FiG. 7. Single-channel currents re-

~l corded in the presence of PCI' (4 MM)
anid PCM (10 pMM. Single-channel cur-

L rents were recorded in the presence of
7 4C3pA 0.2 AM AcCho and in the presence or

SIP 100 mi AcCho plus the indicated drug concen-1 rration (- 1.0 mY. 10*C). PCP caiised aI decrease in the channel frequency and
channel lifetime without channel flick.
ering. Bandwidth was I kHz. Trhe his-
togramiq represent open time distribu.
titns obtained from cell-attached
patches in ihe presence (ir PCP anid1~ PCM. The mean open time for control

11 :100 14101 oll(I . was Z1.0) nsec. and it was reduced to~4I i 5 ~ li ti~ ii ~ ii liW) P 6% intI 9 95 msec by VPCI and PCMI.
I iiioc. ,ct respectivelv.
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membrane potential was subsequently held at positive values such as the irtericr of the AcChoR (4, 16). thus rendering
(Fig. 2). In addition, we found a voltage- and time-dependent PCM unable to alter closed channels.
unblock of the EPC at positive potentials (Fig. 4). Such an The reduction Of 7EPC produced by PCP and PCM can be
increase of the peak of the outward current contributed to the explained well by open-channel blockade. Direct evidence
larger amplitude upon return to negative potentials. Under for this was provided by the reduction of the mean channel
the same experimental conditions, PCM did not produce a lifetime obtained with PC? and PCM. PCP was about 2 times

* voltage- and time-dependent blockade of the EPC. more potent than PCM in reducing the channel lifetime, and
Our results suggest that PCP can block the EPC by a slow the potencies of bothhsere well correlated with the potencies

inactivation of the EPC. which appears to correspond to the obtained fromr EPC_ experiments (Fig. 7). The open-channel
high-affinity binding observed in biochemical experiments on blockade is consistent with what we know about the geom-
the AcChoR in the closed state (2. 4), and by open channel etry of the AcChoR (16, 17). Its large outer mouth can accept
blockade. The blockade of the closed state of the ionic both PCP and PCM (largely protonated at physiological pH)
channel was highly dependent on the membrane potential: as which have diameters of about 11 A. The channel gate,

*the membrane potential was hyperpolarized the blockade however, with a cross section of 6.5 x 6.0 A (17). does not
increased even in the absence of nerve stimulation. The allow for their permeation through the channel at negative
macroscopic I-V relationship showed a neggative: conduc- potentials. The hydrophobicity given by the cyclohexane ind
tance. Single-chainnel conductance. on the other hand, was piperidine rings likely provides a strong binding affinity
not affccted, suggesting that this voltage -dependent action within the channel. This is supported by the finding that the
may result from the large reduction in channel frequency removal of the piperidine ring or the hydroxylation of the
observed with PCP (10 MM-The decrease in the number of cyclohexane ring increased the rate of drug dissociation, thus

*channel openings (Fig. 7), which appears to represent closed producing double exponential decays of EPCs (5. 18).
channel blockade. may effectively reduce the FPPC ampli- In summary, this study demonstraes that a discrete
tude. These results, together with the single exponential EPC molecular modification of PCP changes the affinity for the
decay produced by PCP and PCM. indicate that there exists closed state of the AcChoR and H12HiTX is a more potent
a strong binding between the drug and the open channel of the desensitizing agent than PCP.
AcChoR.
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*markedly different from those observed during AcChoR manuscript. rhis work was supported by U.S. Public Health Service

desensitization (15). For example, under our experimental Grants NS 12063 and DA 02804 and by U.S. Army Research and
conditions, PCP reduced channel activity without producing Development Command Contract DAMD417-84-C-4219.
grouping of single currents as observed with desensitizing 1. Albuquerque. E. X.. Tsai. M.-C.. Aconstamt, R. S.. Eldefrawi.
agonist concentrations. This action, therefore, appears to be A. T. & Eldefrawi. MI. E. (1980) Afol. Phurnwcoi. 18, 167-187.
caused by a blockaide of the closed state ol the ionic channel 2. Eldefrawi. MI. E.. Miller. E. R.. tMurphy. D. L. & Eldefrawi.
prior to channel opening and not by a desensitizing effect. A. T. (1982).4Aid. Pharmacol. 2L. 72-81.

Previous studies have demonstrated that histrionicotoxin 3. Eldefrawi. M. E.. Aroustam. R. S.. tBakry. N. M.. Eldefrawi.
(HTX) and H12HTX are able to cause a marked desensitiza- A. T. & Albuquerque. E. X. (1980) Proc. Nail. Acad. Sci.
tion-like action on the AcChoR while producing voltage- and USA 77, 1.309-2313.
time-dependent effects on the EPC (14. fl. Biochemnicafly, 4. Heidmann. T.. Oswald. Rt. G. & Changeux. 1.-P. (1983) Bio-
these toxins initially increase affinity of the binding site for chemitriy 22. 3112-3127.
AcCho and subsequently the receptor is desensrized. By 5. Aguayo, L. G. & Albuquerque, E. X. (1985) Biop/uYs. J. 47.
using the patch clamp technique, it was demoicnstrated that 6.259 tabsirI..

HTX nd 12HX cuse noalteatin o chnne codu. Albuquerque. E. X. & Mclsaac. R, J1. (1970) Lip. Neural. 26.

*tance or lifetime at concentrations as high as 4 *sM.t Al low 7. 'rikesichi. A. & Takeuchi. N. (1959) J. Neurophliyiao. 2:,
concentration, they produced an initial increase followed by 5.2-67.
a marked decrease in the frequency of channel openings such 8. Kuba. K.. Albuquerque, E. X_. Daly. J. & Barnard. E. A.
that at concentrations >5 jAM no openings could be recorded. 11974))1. Pharmacel. Exp. Ther. 189, 499-512.
Because PCP also increases the affinity of AcCho for its 9. *4eher. E. & Steinback. J. It. (1978) J. Phystal. (Londonj 277,
receptor and causes desensitiz.ation (1), we compared the 153-176.
degree of reccptor desensitization produced by the two 10. H~amill. 0. P.. Many. A.. Neher, E., Saikmann. B3.&

drus.Th smlldeenstiaton f heAcCho response Sigworth. F. 1. 11991) lfliieers Arch. 341. 85-100.
drus. he mal deenstiztio ofthe11. Akaike. A.. Ikeda. S. R.. Birookes. N.. Pascuzzo. G. J..

observed with PCP and PCM. but not with If12HTX. suggeste. ltkkett. D. L. & Albuquerque. E. X. (1984) ,lfl. Pharanacul.
a different mechanism of action for the blockade of the EPC, 25. 102-112.
with 1-12HTX reducing the EPC by descnsitizing receptors 12. Maglchy. K. L. & Stevens, C. F. (1972) J. Plivsiol. (Londim)
rather than by blocking ionic channels. 223. 173-197.

The introduction ofan oxygen atom into the piperidine ring 13. Carp. .1. S.. Aronsiam, . S_.Witkop, Ht. & Albuquerque.
of PCP may cause the reduction in the potenicy of PCM in P'. X. (19K3) Proc. Nall. Arad. Scit. USA 90, 310-314.

*lowering the peak amplitude of the EPC. probably through an 14. Albuquevrquc. Ki. X., Biarnard, E.. A.. Chiu. 1'. Uf.. tLapa.
increase of the polarity of the molecule. Together with this A. I., l)olly. 2. 0.-. Jansson. D.a..l.ly, J. A Witkop. B).

reducton, te voltge-deendentblockde wa aboi0ed t19) Nrc atil. Acad. .%ci. USA 70. 949-953.
redutio. th v~ta~-depndet blckae ws ablised, 15. Sakmarin. It.. P'attak, J. & Neher. hi. 019W0) Nati-r, (London)

arid PCM caused neitner a negative slope conductance in the26.77.
I-V relationship nor a hysteresis loop at w'gative potentials 16. Chitngrux. 1.-P.. Devutkers-Thiety, A. & Chernoutti.li P. j1984)
(Fig. 1). The observed decrease in the potenicy for blocking ýitrc 225. 1135-1145.
the peak amplitude of the EMC appears to be associated with 17. Dlwyer, . M. N Adams. D. J. A Ilille. 11. (19K0) J. Gen.

* a smaller reduction of channel opening frequency. The polAr t'hyviuul. 75, 4U,9-492.
oxygen in the piperidine ring may cllcctively reduce the 19. Ariuuayo. I.. G, & Aihoquetr' F.X. (1951.\etwonsi. 1. It.
partition of the molecule into a hydrophobic enivironment A4"~lmrt



MOLECULAII PHARMACOLOGY. 25:102-112

The Nature of the Interactions of Pynclostigmine with the Nicotinic
Acetylcholine Receptor-Ionic C,,hannel Complex

11. Patch Clamp Studies

0
AKiNORi AKAIKE, STEPHEN R. IKEDA. NEVILLE BROOKES, GARY J. PASCuzzo,"~ DANIEL L RICK='r,'

AND EDSON X. ALBUQUERQUE
Department of Pharmacology and Experimental Thercpeutics. Uniw~sity atfMarylaid School of Medicine',

Baltimore, Maryland 21201

* ~Received April 19, 1983; Accepted Septeesbea 30, 1983

SUMMARY

PaWt', Llauping of myoballs to record single channels was performed to examine the
interaction of the anticholinesterase agent pyridostigmmne (Pyr) with the acetylcholine
(ACh) receptor-ion channel complex. Single ACh channel currents were recorded from

* tissue-cultured muscle cells of neonatal rats (myoballs). Pyr (50-100 jmM) decreased the
frequency of chennel-opening events activated by ACb, and induced a modified form of
the ACh channel currents. Channel conductance was lowter in the presence of Pyr, and
channel lifetime remained unaltered or only slightly prolonged. In addition, channel
openings were frequently interrupted by fast flickers in the presence of Pyr. Higher
concentrations (200 um-l mm) of the drig induced irreglazr waves of bursting activity

* ~during the initial phase of the application, and, subsequently, significantly reduced the
frequency of channel openings. Infrequent channel openings with low conductance were
observed in the patch when the micropipette was filled with Pyr alone. These results
suggest that, in addition to its anticholinesterase activity, Pyr reacts with the ACh
receptor, and both alone or in combination with ACh induce an 3ltered, desensitized
species of the nicotinic receptor-ion channel complex.

INTRODUCTION micropipette a=W the cell surface ranged from I to 20
The reaction of ACh' With the nicotinic receptor ini- gigaohm (3-5).

tiates a series of conformational changes resulting in The studiesde!scribed in the companion paper (6) using
activrn,ion of the ionic channel which is an integral voltage clampl, fluctuation analysis, and binding tech-
component of the receptor macromolecule (1). Such an niques demonstrated that. Pyr. an agent which reversibly

*effect of ACli initiates a current flowing through single blocks AChE,. reduced the peak amplitude and prolonged
ionic channels which can be measured by using the the time come Of the miniature end-plate currents,
extracellular patch clamp technique recently developed lengthened tte mean channel lifetime, and markedly
by Neher and Sakmann (2). Rtefinement, of this technique reduced single-channel conductance of the nicotinic re-
has allowed a much better signal-to-noise ratio at band- ceptor ionic channel complex aji revealed by fluctuation
widths of 1-3 Kliz by forming a tighter seal between the analysis. In addition. the agent incre'Ased the affinity of
micropipettes and the ACh receptor-rich membrane. The ACh to its hinding site and generated desensitized con-

* resistance of the seal between the specially prepared formations. coupled with a week agonistic activity. Trhese
actions of Pyr on the nicotinic ACh receptor ionic chan-

Thi reearh as upprtd b I~it~ Sat"Arm Mdicl Ie-nel complexi wre ot, caused by AChE inhibition. In light
~ ~ ig ~ppI1~ hyUnied lat, Amy frdcai~*-of these findiMg we decided to investigate further the

watch and D)evelopment ('j)mmand r"intraci DAMDI)7M-111 -12711, action of Pyr )n the single channels of the nicotinic
I'retint addreati, Nctirotaxicokotty Brtanch, U1.S. Army N#iodcal Ite- eetrua ac lm tcnqe o hs tde

%Patch Inatitutit of Chemical Defensit. Alterdren I'ro,-ingr Gtoud. Alt. receptor cusing amos p(t) clmdehique. fror thesenatudie
* r~~~rdern, Md. 21010.weudcutrdmyals()deidfomnnal

'Recipient of a training program in electrophysiology for a perriod rat hindi limb muscles.
o( I veer.

'Thle xalhreviations used art: At~h. acetylchonlani Iyrm p1 ;jmil METHODS
mine; AC~hE. jicewyichoiinesiersae; 'Fx. tetrmd'tnain. o-HT,, h. latch clomp o~rmique. ARl expevanaviri were Iverformred at 10-11'
xarotomin. ItSS, bialanced &skl Solutioni. on nuyotwils cuhtised from hind haub muscles of I- to 2 day-old rat
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pups (DUB (SD), Dominion Laborntories)J. The cell culturing pr-oce- f2.5megabytes) hard di.-a. orst~andard magnetic tape for later analysis.
dure wag adapted from that described by Giller et at, (8) for mouse The data were edited prior to analysis, and records containing large dc
tissues. The cells, seeded on Thermanox plastic cover slips coated with shifts or oscillations in the baseline were discarded.
acid-soluble collagen (Calbiochem). were supplied initially with a nu- Identification of single-channel currents was accomplished using a
trient medium containing 10% fetal calf serum. 10% heat-inaictivated program, RHONDA. coded in FORTRAN IV, with assembly language
horse serum, and 80% modified Eagle medium (GIBCO. Lot 320-19315). subroutines for time-dependent portions of the analysis. Each file wits
After 4-5 davs. the fetal calf serum was omitted from the nutrient divided into records of 2048 points. and the baseline was determined
medium, and proliferation of fibroblasts was arrested by the addition by finding the first local maximum in the number of zero crossings.
of 5-lluoro-2'-deoxyuridine 115 u~g/mll and uridine (35 ,JrnIm) for I This was accomplished by determining the minimum point (all data
day. The cultures were incubated at 34* in a water-saturated atmos- were sent such that channel openings were of positive polarity) in the
phere of 10% C02/90% sir, and the medium was changed twice weekly. record and progressively incrementing a zero crossing detector until
The mycohalls used in this study formed spontaneously (ie., without the first local maximum was found. Although this method worked
addition of colchicine) in cultures which were incubated for !-2 weeks, reliably, it occasionally failed with records containing extremely long
On removal of cultures from the incubator, the nutrient medium was channels or high frequencies of openings. The standard deviation of
replaced with Hanks BSS (millimolar composition: NaCi 137, KCI 5.4, the baseline was determined for the first record in each file, using a
NaHCO, 4.2, CaCI, 1.3, MgSO. 0.81, KF 2PO, 0.44, N3rHPO. 0.34. D- -'boot-strap' technique, as follows: (a) baseline standard deviation was
glucose 5.5) to which was added 0.001% phenol red, 29 mms 4-42- first determined using all points in the record, (b) channel openings
hsdroxveth~vll-l-p~iperazineethanesulfonic acid (pH 7.2). and sucrose were then eliminated from the baseline by determining the maximal
to adjust the osmolarit ' to :140 moirnolar. This bathing solution also point in the record and removing all points contiguous to this point
contained 3 X 10' Mi TTX in order to abolish the contraction of and greater than the baseiine, and (c) the standard deviation of the
myoballs. record was then redetermined. This process was repeated until the

The patch pipettes were pulled on a vertical electrode puller (David difference in the standard deviation between subsequent determnina-
Kopf) using microhematocrit capillary tubes of 7S mm length and 1.1- tions was less than a given value. Each record in a rile was sequentially
1.2 itam inner diameter, The micropipette was prepared in two stages analyzed for channel openings. A channel was considered open when a
according to the procedure described by H-amill et at. (4).- In the first data point exceeded a set number of standard deviations from the
step, the capillary tube was thinned with a pulling length of 9 mm. The baseline. Subsequent points in the record were then scanned until the
second step fractured the narrow portion of the capillary with a tip signail returned to within a given number of standard deviations from
diameter <2 Mm. The pipette shanks were coated with Sylgard and the the baseline. The number of standard deviations was chosen to repre-
pipette tips fire-polished by the heat emitted fronm the glass-covered sent about 50% of the unitary conductance. This was considered a
tip of a V-shaped platinum filament (about 75 urn in diameter). The channel closuire. It is important to note that- a *flicker" within an open
filament was connected to a large brass beat -link such that only the channel, ia.e. a short-duration transition from the open to closed state
glass-covered portion of the filament reached high temperature. The and back, terminated the openichannell event if the flicker reached the
mirroele-tiodea used in the expriments had an inner tip diameter of closing threshuold. Thus, along channel couldhe broken up into several
less than I Pin, and resisiance* ranged from 2 to t" Mohm. The patch adjacent shorter channels by flickers. The maximal point within the
rnicrcelect-odeii were filled with liankis' BSS contsinirg 31 Nr 10' mA interval betwvee-n an opening and dloning was then determined. If this
TTX and 3 X 10" to 2 X 10-' Mt ACh. In nther eirperirnents. ACh was, valueexceededa given number of standard deviations above the current
-replaced with 5 x 10' to 10-'t.m Pyr or the combinationof both agents amplitude (as would be the case for a multiple-channel opening), the
at suialble concentrations, lifetime data for this event (the time between opening and closing)

The tip of the patch electrode was pressed agasinsrt a cell membrane were discarded. Otherwisl. the lifetime data were stored in an array for
under microqcopic (X-IPO Hoffman modulation optics) observation. later aniallysis, If more than 10% of the channels analyzed from any
fligaohm seals were -ichieved by applying gentle suction through the psrticular cell were multiple open ings, the data were used for estimates
patch elect rode. After establis hment o~f 5- 15 gilisohm seals, the poten- of channel amplitude. The amplitude of the event was then determined
toil inside the pipette ti~e.. extracellular pspce of the patched mnern- boy either finding a local maximum in the zero crossing from the
hrane) was. adjusted to the desired holding potential. Experiments were maximal point (incrementing, the short-duration "earch in the negative
carried out with the cell-attached patch ti~o the mvobalflor the cell- direction) or by averaging the points during the open interval. The
free inside-out patches. In the latter case, the electrode walk removed choice of methods for determining amplitude was dependent on life-
from the myohall itlong with a tear-roff patch of cell memabrane. which time, the former method used for channel lifetimes greater than 20
was then exposed to the air for.a brief time. This procedure provided a sampling intervals. The amplitude was then used to update the current
cell-free patch with the cytoplasmic face of the membranre exposted to amrplitude estimate. A second paramtte-r generated at this phase was a
ihe blath siiliitinn. Single-channel currents were measured tirth a I.M- total amplitude histogram. The difference between each point in the
EPC . patch-clamp ss-stemn (Lisit-Electronics, West Germasnyl. The rile and lsaseline was converted to a current value (picoamps) and
single-channel currents were filweed to 1-3 K~lf (owecond-order. fiessel binned in fixed 0.05 pamp bins.
loiw pasion and then monitored on.a dicital oscilloscope and %Mingrograf Throtighout thi:s phase of analysis the performance of the program
recorder. These records were simuiltaneoiisl5 , stored on FM marnetic was monitored witil btxh visual and audlio indicators, Each record of
tape (Iacal. 15 it)s. dc-- 5 lifs) for comnputer analystis. 20-48 poinits was displayed on a Tektronix 60.3 storage oscilloscope and

(ornpuitlr arilv;,ai. Aotromated anAlyiS1 of pImtch clamp data wait cursorotplaced on ctmannel bouindaries, If i channel opening was consid-
performed on a I'I)I 11/40(D i)gital Equipment Cirorluiliron, Muivoard. Pred a mingle-channel event bly the program, a tone was emitted mndi-
Mass.) efijuipoped! with 28 K words of core memory. AtD pisueriorr were cating that the ropen time for the event had been stored, Alterations of
written in 1FMITRAN IV tor MACHO. I I assemblyo lanxrviee and run these parameters were facilitated Isy storing the parameters in ai disc
in an wtr- i I ioperatinog system environmient. Portions ofE the program file, thus allowing easy user modification during the interactive portion
were hosed oin the work o~f Sqchs r( of. (9)I. 1f the program. On"e the paramreters were optimized, a large nourrber

Dlata were sent to the cuiptniteri forni FM Itape and duguitesio at , uuffilescusoild be analitrud in batch msideo with mninimal user interactions,
K~ln liv an I.l'S4- I I tllugotal i-Atipment Cuurporationn 12 Wus Analogue Channel lifetime histograms were madeli by sorting and' binning the
t~odulgittal e-eus-srter The data were -ent throtigh a fouirth torder Mtitter- lifetime data determined by the program RHIONDIA. The channel
wcorth Mouw luaiial tlter (1 :1 K11lr) its eliminate hilch firefrociarv noise lifeirtoues wePre usu1tally sorted into WA Isins, the first bin starting at 500)
and umproise the seogtual-toi nutiti ratio Pilesoof 16,39-4 conticiuous ponint ousec. and the blin increment bring either 15- or 5 matirc depending on
04t 9.20 seit were uligitied and siond ton 10,1/2 ( to megalivtesf ort It~iif the menwo channel lift-time. T'he hiltiolirant were Mlways displayed
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normalizedsuchthateachbinamplitudewasapercentageofthelargest 27.5 ± 2.9 msec (n = 4). Larger (3.1 pamp) and smaller
bin. The logarithm of the bin amplitudes was then calculated and the amplitude channels (1.0 pamp) were also recorded, but
regression line determined for a given number of bins, which usually their frequencies were insufficient to allow an estimation
included more than 90% of the channel lifetimes. Average channel of their significance (5). In addition, in a few rare cases
lifetime was determined by two methods. From the regression line, one even recordings of single ACh (100 aM) channels from
estimate of average lifetime could be determined by taking the recip-
rocal of the slope. This method assumed that the lifetime distributin cell-attached patches (on the myoball) also disclosed a

was adequately fit by a single exponential function. The arithmetic variety of channel amplitude. Single-channel currents
mean of the channel lifetimes was also taken for comparison. Generally, recorded in these preparations had channel amplitudes
there was a very good agreement between these two determinations. (intermediate size) ranging from 1.3 pamp to 2.4 pamp
The value from the regression analysis was used in this study. (mean = 1.9 -- 0.3 pamp, n = 5) at the holding potential

Drugs. ACh chloride (Sigma Company) solutions were prepared from of +60 mV (pipette interior). Mean channel lifetime in
* the crystalline chloride salt for every experiment. Pyr bromide (Hoff- this condition was 26.0 :t 4.8 msec (n = 5). Although

mann-La Roche) and TTX (Sigma Chemical Company) were diluted other channels with larger or smaller amplitudes were
daily from stock solutions of 10-2 M and 3 x 10' M. respectively. All sometimes evident, analysis was restricted to channels
drug solutions were passed through a Millipore filter (0.2 um) prior to of this intermediate conductance. w he amplitude of the

addition to bath solutions or to the micropipette. chan cntsreite fomc cellfre "insde-out"o

Statistics. The statistical analysis was similar to that described in channel currents either from cell-free "inside-out" or

the preceding paper (6). cell-attached patches was voltage-dependent (see Figs. 7O and 7).

RESULTS An interesting finding observed in myoballs was an
increase in channel opening frequency with membrane

Conditions of application of Pyr to the nicotinic recep- hyperpolarization; i.e., as the membrane potential be-
tot-ion channel complex. Pyr was studied at various con- came-more negative, a significant increase in channel
centrations on the rat myoball under different conditions opening frequency occurred (Fig. 1). Indeed, in seven
of patch clamping and drug application. In each case, the control cells examined, the frequency of channel opening

• drug was dissolved in Hanks' BSS with ur without ACh. events showed an apparent dependence on membrane
Initially the drug was contained in the patch micropi- potential (Table 1). Similar observations have also been
pette and ACh channel currents were recorded subse- made by others (10, 11). There are many possibilities
qaent to microelectrode establishing a gigaohm seal on which could explain this phenomenon, among others, an
the intact cell. In other experiments, a cell-free patch increase in the forward rate constant for channel opening
was used, again with drug in the micropipette. The cell- (fi or 4'.) with hyperpolarization. Another but more re-

* free patch offered the advantage that the transmembrane mote possibility is that the rate constant of agonist
potential could be determined directly. We also super- binding is voltage-dependert. The detailed analysis of
fused Pyr in the bath using both cell-attached and inside- this phenomenon is not within the scope of this paper,
out preparations. but is now the subject of further analysis.'

Alteration of the ACh channels produced by Pyr in the Figure 2 ahows the alteration of ACh-induced channels
micropipette. Single-channel currents with rectangular by Pyr. Pyr (50 gm) in combination with ACh (WO0 nM)
shape were observed after the establishment ofa gigaohm induced the appearance of channels with marked flick-

* seal between the microelectrode containing ACh and the ering but with lifetime unaltered when compared with
surface of the myoball. The baseline noise level was 0.2- that produced by ACh alone. Indeed, over 80% of the
0.5 pamp (peak to peak with I-KHz low-pass filter) when channel openings were interrupted frequently by short
electrode shanks were coated with Sylgard. In inside-out gaps (flickering). Under Olis experimental condition, the
preparations, ACh primarily produced channel openings number of channels with flickering increased as a func-
with an amplitude of 2.0 ± 0.03 pamp (mean ± standard tion of time of eypbsure (between 2 and 6 min after, the

* error, n = 4 myoballs) at the holding potential of -100
mV. The mean channel lifetime with this amplitude was 'A. Akaike. Y. Aracava. and E. X. Albuquerque. unpublished results.
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TABLE I

Voltage-dependent change of frequency in channel oper `ng induced by ACh M3-2900 nm) in cell-free patches (inside-out)

Cell ACh Channel opening frequenc at membrane potential
no. concentration -.40mV -6mV -80OmV -!00 mV -120mV -140 mV

1 30 - - 72% 100% 110% 135%
2100 *-66% 78% 100% - -

3 100 30% 50% 76% 10051 - -

4 150 33% 66% 62% 100%7 - -

5 150 34% 72% 78% 100% - -

6 200 - 69% 82% 100% - -

7 200 - 42% 81% 100% - -

Mean 32% 61% 76% !00% 110%6 135%,

1Expressed as percentage of frequency observed at -100 mV. The mean number of channel openings at -100 mV was 188 ±44 events/min
(n - 7).

1 Determination made in one myoball.

gigaohm seal had been achieved) to both drugs. In addi- The histograms of ACh-induced single-channel open
tion to these changes, the appearance of a population of times in the presence alid absence of Pyr, shown in Fig.
small-amplitude cf-anneis without many flickers was in- 6, revealed a single-exponential distribution and a mean
duced by Pyr (Fig. 2). The small-amplitude (1 pamp or lifetime which was not altered, i.e., a mean value of 14.0
less) channels were more prevalent at later stages of the msec during, control conditions to 14.6 msec during ap-
recordings. At the beginning of the recording, shown in plication of Pyr (50 Aim) in combination with ACh (100
Fig. 2. there were many large-size channels (>2 pamp) nm ACh) at -140-mV holding membrane potential (in-
similar to those seen under control conditions (Fig. 1) 1. side-out). Although the channel open times of the myo-
This number gradually decreased, and by 12-14 min after ball illustrated in Mig. 6 were exponentially distributed,
the gigaohm seal was achieved, fewer than 50% of the it should he mentioned that in some control recordings,
channel openings were of large amplitude. The number particularly when the low-pass filter was set as high as 3
of low-conductance channels increased with time of ex- KHz, the histogram disclosed a double-exponential dis-
posure to Pyr (10-50 um) end. eventually, if the concen- tribution. The fast component of this distribution usually
tration of Pyr was high enough, channel activity disap- occurred entirely within th~e first bin, that is, with life-
peared altogether or was markedly reduced. Another times of 1-5 mwe. This finding is consistent with other
sample of ACh-induced channels altered by Pyr is iflus- studies (3, 12). The effects of Pyr on ACh-indured single-
trated in Fig. 3. In Fig. 313 and C, many flickers are channel currents, examined in cell-free patches at a
apparent together with broadening of the baseline while holding potential of -100 mV, showed that Pyr (50 ýim)
the channel is open (see also Figs. 4 and 5). In fact, in produced no significant alteration of channel lifetime,
the presence of Pyr (50-100 sum), the large number of i.e., in the presence of ACh alone in the micropipette
flickers (Fig. 413) apparently induced skewing to the left the channel lifetime was 27.5:t 2.9 msec (mean ±t stan-
of the total amplitude histograms of single ACh and Pyr 'lard error, n - 4 myoballs). and 3 1.0 ± 2.6 msec (n -4)
channel currents (Fig. 513), a feature not seen when ACh when Pyr was together with ACh in the micropipette.
was used alone in the patch pipette (Figs. 4A and 5A). Alteration of ACh channels by Pyr applied it. the bath

110 ip -A-e,

Fir., ~ ~ ~ ~., 2. K~etso y i ~ hne

co tiisne iiid it I Kit



106 AKAIKE £7'AL.

-e~.4 AA'

Fic;. 3. .Semples (if ineit, ACh ie hne~ina altered h%- P% r
tOscelloscipe t races 'iisplaiing single channels phiotographed to.show t he dcleta oif channel opetnings. A. tort! rl condition IAChIi 110 nM alone

in the ciincripipet tel at. ett in i pipttte interwior in t he nn 'haill It, 11 MM %'r and liIM n.% ACh were applied tOtiioujh the patch miruerpipet! e'
and in rrere', were recoirded at +&)f inV I pipette interwri on e the rievi all; C'. cfuv cionenetma~ti in w as the' sainie is cit It, and currenetsc Swere tee-c me i-c
it -HAill ?:i'. inside-i et. Biandwidth - I Klil. Niit the tin.rked Increiase in iiacsiene t idt h ass iei cd with Atfit lure le actmeitce's dieretg1 hanne

uhii-rIiiII it It and( C'.

(cr-11-attachedrl pawcn). The amplitude of single ACh checn- itude was initially increazsedi to 120-110'.' of control vat-
nel cuirrentis recorded in the in' olialls wits markedlY tic- at .1 min aner drug addition, followed liv a mnarked
al~teredl iedlowing the superfusion oif Pvr 154)- 1(M),upl into decrease in Ice channel amplitude. The maximal depres-
t the hat It. This el fLct, of' lvr was hiphasic: i.e.. t he ampli- sion tif channel amip.lit tale was obtained :10 min after the

drtiu ippilt-at ion. Tiotal ampd iude h'stogramns showing
the current -viiltat.e tI i- VI relationship !tOt t 1 Siltnflt ITuIY

4 .t. h~~all under contrid cuondit ions annitr8- m epsr
to r I51 -i xt11 jM re given in Fig. 7. In the

re-Sencp i ';Ai u4 jm I 'yr. reduct ions in chatnnel amuplitutde
PAtto S6i )I cointriol at +80) m\% lp)ipette ;l.-*riorI aind toe

40-

SX

40-

3] 'Ct i

A, .

AMti ~ItRIM (teA)

li. '-i. fj i (Ite. A. I'llt~ -i cceq4ic' IIi' A4i11 /litiiciic Ow PI~0 i/n) .

It, n ccltiiiiec c-'.t 1-. Al tI,-1 11 tc. tit 'ini ce-. in ic ctc-.ci,- tiýe it I it e,%t i'xr mciil wit ii~i Xlii ke,-ni .iýipleni th~leiele Ill.

Cr- 1c 1,, - 11ic ted' I I is 411 i .. i r i r -icr,' - I, r. 1, it 'iji 'i -t t-ick, 1 c c0 ru-. Ili-rii. i c i 4i tilr, ( li-irA iAie -l ti '
t s, I , c I, rir Icc t i..-.. .... .. i it t 'i I I Ixt 0ý-ieici!ik- ntn itt.-tn' ' e li)Ce-ii-ccIiccl-i



I

108 AKAIKE ET AL.

the mean lifetime at +80 mV (pipette interior) under-140 A

control condition (25.8 ± 2.7 msec, n= 3) was unaltered [
by Pyr (50 MM; 26.6 ± 2.6 msec, n = 3). Subsequent
application of a higher Pyr (100 Mm) concentration in- 200-
duced a large number of fast flickerings. However, chan-
nel lifetime remained similar to control values (28.8
msec, n = 2) at 30 min after the drug application.

The frequency of channel openings induced by ACt ,,i iNSIDE OUT PATCH
* was also affected by Pyr (Table 2). The control results ,.S -10_

were obtained from a patch in which the frequency of E ACh.30nM

channel openings was constant at a high level (261 U)
C~10events/min; mean of three recordings). Pyr (50 &M) z

applied in the bath increased the frequency of channel z
uJ

openings to 112% of control values 5 min after the start 0
of superfusion, followed by a decrease in frequency to ._

65% of control values at 30 min after the drug applica- -8
tion. The frequency of channel openings was decreased z
to 38% of control values 30 min after the application of -
100 MM Pyr. 0 100-

Effect of Pyr on ACh channett recorded from ceU-free 0
patch (inside-out). Pyr applied in the bath produced 1z
results similar to those obtained when the drug was =.

applied via the patch pipette. Pyr (50-100 gM) induced 5
flickerings and marked enlargement of the baseline dur- Z
ing channel open time (see Figs. 2-5). In addition, chan-
nels of amplitude similar to control conditions were sO
gradually reduced in number, and were replaced by lower
conductance channels in the presence of Py..

In the presence of Pyr (50-100 MM), a concentration-
dependent reduction in the frequency of channel open-
ings was observed at all the membrane potentials, while
the voltage dependence was maintained (Fig. 8). A higher i
concentration of Pyr (200 gM) produced a biphasic effect 1
on single channel activity. During the initial phase of CONTROL PYR PYR
drug application, the number of channel openings in-
creased, and irregular waves of bursting activity were 50uM 100•M
seen (Fig. 9). After the cessation of the bursting activity, FIG. S. Effects of Pyr ou the frequency of channel opening in an

channel opening was markedly reduced. Figure 10 shows iuide-ou twh
The micropipette solution contained 30 nM ACh. Pyr (50-100 pM)asample of the I-V relationship in one cell-fre patch. was applied to the bath. The number of channel openings under each

The conductance of ionic channels under control condi- conditionwascountedfor4 min ocontinuouarecordingsandexpressed
tions was 19.5 pS and 12.3 pS in the presence of Pyr (50 as eventA per minute. An important feature of this figure is that the
* M). The reversal potential extrapolated f.im the I-V voltagedependenceofionicchannelopeningfrequencywoamaintained
plot was 0 inV. dui ng drug action.

Agonist effect of Pvr on the rat myobaiL.. When the
patch electrodes were filled with a solution containing 1.5 pamp at +100 mV (pipette interior) were recorded in
Pyr (50-100 MM) alone (i.e., without ACh), low-frequency the cell-attached patch (Fig. ii). The amplitude of the
channel openings with conductances in the range of 1- pyr-induced channel currents was voltage-dependent

(Table 3). The channel conductance, estimated from the"rA.,.. ', i-V relationship, was 11.7 pS and the reversal potential
E[fix 1.% ,,t IPer on [rto,'nvy tt (Ionn otortpenanri i nducwr b% A (h arid was 0 mV. When applied directly on the myoball 1-10

ret',,rded in (4ll-arotthcd povtchr (oo, the r7.,IJMll) min after the gigaohm seal was achieved, the frequency
(Channel ,,innineg were toumed dtitnti :o-mn iervair. Single- of channel openings induced by Pyr (100 Mm) recorded

channel currenHi were recorded at a holding pooteniai of 4+M mV at -80 mV was 5.6 ± 1.5 events min-' (mean ± standard
iIaqw(pI ititeriirI. error; n = 5 myoballs). The values for channel lifetime

Cell Control Iyr, Wj oM i'vr. 1I0 uM induced by Pyr are shown in Table 3.
no. . r :;0 m7 Channel openings in the presence of Pyr alone (50-

I 00" 30;a 11* % 1' P5 4 100 pM) were observed 1-30 min after the establishment
': (NI'* (30' i'; 77• 44'•; :4w"; of gigaohm seals, but the frequency was low. At a higher

3 2exq; it " 121%L '/I, 4tm;, 32'% concentration (1 mji), liyr channel openings similar to
those scan with 50)-!00 •M drug were also observed with

Mean 10(0% (2(6W)' 112% i;.% .5% (5% low frequency and often with bursts of channel activity
" "i,. ,,,, w , , ',,,, t.. h..r 1,,,,,,,. rill. owed by long periods of silence. These channel open-
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a 5*

2pA

2 sec

Fm;. 9. Effects of hiither t uncentratio,: (200,u.v) of Pýr on ACh (30 nm)i channel activities
The single-channel currents at -IGO mV were recorded in !he same inside-out patch shown in Fig. L. Pyr was applied to ih? bath. L'pperfoor

Mingograf traces repreitent the continuoua rwording betweea 10 and I I tmin after tlhe application of the drug. Luwer three traers show the
recording 15 min after the application. Note the marked hurst of channel activity followed by complete cessation of channel openings. Bandwidth

I KHz.

ings, at 1 mm Pyr disappeared 10-15 min after the estab- a-BGT (5 Ag/m1) for 30 min, no channel openings were
lishment of ths! gigaohm seal, observed with Pyr (50 jum-l rmM) alone, ACh (300 nst)

To test whethee or not the channel openings induced alone, or the combination of both drugs in the micropi-
by Pyr were the result of an interaction of the drug with pettes.
nicotinic receptors on the myohall. experiments were To test whether or not this weak agonistic action of
performed using pretreatment of the myoball with a- Pyr on the rat myobail could also be seen on mature
BGT in suitable concentrations to block initiallY the muscles, we have diss~ected single fibers of the interosseal
ACh receptor. When the myoballs were pretreated with muscles of the frog toe and removed the connective tissue

with collagenase so that gigaohm seals with the patch
pipette could easily be achieved at the perisynaptic re-
gion.' Preliminary studies using these single muscle fi-

-140 -100 -40 .40 mV hers disclosed effects of Pyr similar to those seen on the
myohall. Upon obtaining a ,igaohm seal with a micro-
pipette containing Pyr (100-200 pm) alone, low-conduct-
ance channels occurring at low frequencies were observed -
having characteristics similar to those recorded from the
myohall. These ichannel openings were not. observed afte r
pretreatment with aY-B(T.'

/-1 pA DISCUSSION
The results of the patch clamp study showed that Pyr

decreased both the amplitude of ACh-induced single-
channel currents and the frequency of channel openings,

Pyr 51ijm without changing the mean channel lifetime. In addition,
Pyr alone opened channels by itself as a weak agonist
(Pyr + R = PyrR*). The low-cooductance, low-frifquercy

-2 pA channels induced by Pyr alone resemble the altered
control rchannels that become predominant after prolonged ex-

Fic;. 10. Ciarrent-vodenge relationshtp (4 sigl A ~ h4n-1,.fa posuire to ACh plus Pyr (see Muomtr trace in Fig. 2). Pyr
inid #put ch caused marked alterations of the ACh-induced channel,

0 and 0, Control and S0 m Pyr. realjwvtivrly. The inicriuopijte. includling intensive flickering and widening of the base-
soloujirn contained IIKI nm ACh. sond Pyr was applied t'I the ri~th. line duiring open channels followed by nearly silent pe.
Aliscovtx: membrane potential (millivoits). Ordinat-: amnIIatoie M iiin- nodsx (%me Figs. 4 and 9). These phenomena, character-
Kle channel currents lpicoamnpsi estimated from the total amplaisik
histotraims. 'A. Akaske autid F. X. Allimpterittie. tinpulIished results.
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010

Fmr. 11. Samples of singh, channeh; induced by Pyr as an agoni.st
"The micropipette solution contained Pyr alone ( 100 imN). The recordings are from the cell-attached patches at holding membrane potentials

of +8) to +120 mV (pipette interiorl. Bandwidth = I KHz.

* istics of Pyr action. may indicate the appearance of outer surface via the pore of the ionic channel itself also
desensitized receptor-ionic channel complexes (13). An- seems improbable. If we assume that the diameter~of the
ticholinesterase effects are not involved since the myo- open pore of the ACh channel is about 6.5 x 6.5 A (20-
balls, after washing with the Hanks' BSS. had extremely 22). an elongated molecule like Pyr. with a diameter of
low levels of the enzyme (14). 6.9 A measured at its narrowest point (from Van der

Pyr. which is a quaternary amine, had similar effects Waals distance at the hydrogen located at position 2 to
whether it was applied to the mvoball via the patch hydrogen on position 5) using a Cory-Pauling-Koltum

• pipette or via the bathing medium either under cell- model, would have great difficulty traversing the lumen
attached or "inside-out" recording conditions. This sug- of the channel. For Pyr applied in the bath in the cell-
gests that the drug would have access to the receptor attached condition to gain access to the extracellular
surface through the micropipette-membrane seal, surface of the membrane patch under the micropipette
through the ACh channel itself, or through the lipid via channels, it would have to gain access to the cell
phase of the membrane. The possibility that Pyr could interior and subsequently to exit the cell into the micro-

* have reached the inside of the patch pipette via the pipette. A more likely possibility is that Pyr diffuses
gigaohm seal formed between the micropipette and the through the lipid phase. Some indirect lines of evidence
surface of the myoball or muscle membranes is most support such a hypothesis. For example, one is that Pyr
unlikely. If such were the case, it would be difficult to is slowly reversible upon washout: i.e.. only upon a 60-
explain the observation that other quaternary agents. min wash was a partial recovery of neuromuscular trans-
such as QX3-I4 15). tetraethylammonium'; (10. 16). and mission observed (see Fig. 2 and ref. 6). Accordingly, Pyr
meproadifen (17-19). have effects on the receptor chan- may be able to diffuse into the lipid phase and possibly

* nel molecule only when they reach the outer surface of with lateral diffusion gain access to the extracellular
the membrane through the pipette. In addition. pipette surface of the membrane beneath the micropipette. Thus.
seal resistances on the order of 10 gigaohm are consistent the drug could eventually produce effects under all con-
with glass-membrane separations of about I A (4). The ditions of application in a given period of time. In fact,
access of the Pvr molecule to the receptor sites on the with the drug inside the patch pipette. the effect is

immediate: application of Pvr via the bath under cell-
Y. Arar;iva old E. N. Aliio•eurque. unpublished riljits. attached or "inside-out" conditions yields a similar qual-

T]AIIIE "3

Amplitude and lifetime of singhe-chnnnel currents induced by Pvr

The rnicropipette solution contained Pyr (50-100 uM) without ACh. Data were obtained from five cell-attached patches and two inside-out
patches. Each value lchannel amplitude and lifetime) is t he inan of 20-t0 events per patch. These data were anal%7ed by hand because ot the
low t(rI('p n("-'ii siIvIe-i'lII fllati ('vents.

II I• lhih m rnhr:,I, ini thi ivi(,,hll I n,-ih, t, ,t
i'iiici-I;S) ?tV -. ,o toV - 'SI+ t\l•, - I 20nmV -;o) m \V --. ,1) rll - 00 n I+V

,,\ iplituuld . 1 tlitp) 1.02 1. t21 1..6 l;9 1.; 6 (.9.1 1.t.1
6. s2G..- 27.5 3 l.(l 91.9 I... IS.
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istics of Pyr action, may indicate the appearance of outer surface via the pore of the ionic channel itself also
desensitized receptor-ionic channel complexes (13). An- seems improbable. If we assume that the diameter of the
ticholinesterase effects are not involved since the myo- open pore of the ACh channel is about 6.5 x 6.5 A (20-
balls, after washing with the Hanks' BSS, had extremely 22), an elongated molecule like Pyr, with a diameter of
low levels of the enzyme (14). 6.9 A measured at its narrowest point (from Van der

Pyr, which is a quaternary amine, had similar effects Waals distance at the hydrogen located at position 2 to
whether it was applied to the myoball via the patch hydrogen on position 5) using a Cory-Pauling-Koltum
pipette or via the bathing medium either under cell- model, would have great difficulty traversing the lumen
attached or "inside-out" recording conditions. This sug- of the channel. For Pyr applied in the bath in the cell-
gests that the drug would have access to the receptor attached condition to gain access to the extracellular
surface through the micropipette-membrane seal, surface of the membrane patch under the micropipette
through the ACh channel itself, or through the lipid via channels, it would have to gain access to the cell
phase of the membrane. The possibility that Pyr could interior and subsequently to exit the cell into the micro-
have reached the inside of the patch pipette via the pipette. A more likely possibility is that Pyr diffuses
gigaohm seal formed between the micropipette and the through the lipid phase. Some indirect lines of evidence
surface of the myoball or muscle membranes is most support such a hypothesis. For example, one is that Pyr
unlikely. If such were the case, it would be difficult to is slowly reversible upon washout; i.e., only upon a 60-
explain the observation that other quaternary agents, min wash was a partial recovery of neuromuscular trans-
such as QX314 (15), tetraethylammonium" (10, 16), and mission observed (see Fig. 2 and ref. 6). Accordingly, Pyr
meproadifen (17-19), have effects on the receptor chan- may be able to diffuse into the lipid phase and possibly
nel molecule only when they reach the outer surface of with lateral diffusion gain access to the extracellular
the membrane through the pipette. In addition, pipette surface of the membrane beneath the micropipette. Thus,
seal resistances on the order of 10 gigaohm are consistent the drug could eventually produce effects under all con-
with glass-membrane separations of about 1 A (4). The ditions of application in a given period of time. In fact,
access of the Pyr molecule to the receptor sites on the with the drug inside the patch pipette, the effect is

immediate; application of Pyr via the bath under cell-
* 'Y. Aracava and E. X. Albuquerque. unpublished results, attached or "inside-out" conditions yields a similar qual-

TABLE 3
Amplitude and lifetime of single-channel currents induced by Pyr

The micropipette solution contained Pyr (50-100 uM) without ACh. Data were obtained from five cell-attached patches and two inside-out
pntches. Each value (channel amplitude and lifetime) is the mean of 20-30 events per patch. These data were analyzed by hand because of the
low frequency of single-channel events.

1}olding membrane On the myoball Inside-out
potPenrlt ial

-(60 mV -AO) mV -l00 mV -120 mV -60 mV -A80 oW -10)0 mV

Amplitude Ipamp) 1.02 1.2.1 1.48 1.69 0.69 0.94 1.14
Mean lifetime rnsec) 16.8 26.5 27.5 31.0 9.9 15.4 18.9

b-
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findings in the accompanying paper (6), provide new 13. Sakmann. -.4 Padsk gand FNeberSingle acey lcloline -activated cnan-

evidence for the actions of this agent at sites on the ACh Naur concntrtio 2of17 (afonc101
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MULTIPLE INTERACTIONS OF PIDDNCYCLIDINE
SAAT CENTRAL AND PEZIP1E0AL SITES
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IM. Idriss, and J.Z. '.arnick
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INTROD"CTION

'e have been examining the actions of phencyclidine (phenyl-
cyclohexylpiperidine. PCP) primarily on the peripheral nicotinic
acetylcholine receptor (nAChR); on the glutamatergic neuromus-
cular synapse of the insects; and un K+ channels in spinal cord
neurons, motor nerve and skeletal muscle. We have found that PCI
and its behaviorally active analogs and metabolites block

pocasuiux conductance (gK; outward rectifier K+). prolong action
pocentials and increase quantal content. These actions result
in potentiation of muscle twitch (TsaL. St.LA. 1930). At con-
centrations equal to or above those that affect the presynpptic
processes of the nicotinic sy-napse, PCP also blocks neuromus-

cular transmission by interacting with both th-n open and closed
conformations of the ion channel of the nAChR. In addition, we
have begun to look at other receptor types in botn peripheral and
central n.ervous syscem sites which ar* influenced by 'CP and its
analogs. We have attempted to decipher the relative pharmacolog-
ical significance of the multiple sites end mechanisms of action
of PC? using a series of structurally related compounds thown in
Fig. I. We hoped that these compounds would enable us to clarify
their voltage- and time-dependent effects on the ,-(hR as well as
effects on K+ channels and glucainaergic sy4-.pses. This would
provide us with clues to the hallucinogenic and schizophrono-
mimetic properties of PCP.

"• .• CA

Ft.q. 1. Structure of PCP and its analogs (Auayo and

~~A •,q~srque, flS64)
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In chi,: paper we shall evaluate four main points: 1)
and closed channel blockade of the nAChR during exposure to
and M1C (phenylcyclohexylzorpFholine) and the resulting alt
tion of endplate currents (EPC) and single channel current.
detected with the use of voltage- and patch clamp techniques
structure-activity relationships between these and other
analogs and metabolites and the role of hydrophobicity/elec
negativity on efficacy and potency: 3) interactions of PCP
TCP with the glut.amatergic receptor in the locust muscle; an,
effects of PCP on spinal neuron K+ channels.

HZTMOOS

The effects of PCP were studied on nAChR function
skeletal muscles of Ran.a piplens and rats, on glutamate
receptors in metathoracic tibialis muscles of Locusra migrate.
and on potassium channels in frog and rat muscle and culti
spinal cord neurons. In each case the appropriate physiolog
solutions were used and PC? was applied in the bath, excepi
the case of patch clamp experiments of single nAChR where
drug was added to the pipette solution. Standard two-elect!
voltage clamp techniques were used to record endplate curre,
excitatory postsynaptic currents and potassium curre
Excitability of spinal cord neurons was monitored in the cur.
clamp mode. The details of these methods are available in
references cited.

Effects of PCP and es on the rA~hR response

PCP decreased the peak amplitude and the decay time cons-
(rEP-C of the nerve-evokod EPC recorded from frog sartoe
muscles in a concentration-dependent manner (Fig. 2; Albuque
tS "AL, 198Oa). The concentration that produced a 50% deer.
(IC 5 0 ) in the EPC amplitude recorded at -100 mV was 15 IM (Agi

S,1986). In the presence of PC?, a large hysteresis
in the I-V relationship and a region of negative slope con
tance at hyperpolarized potentials were apparent. Simultaneow
there was no effect on 'he outward currents (Fig. 2). Nega
slope condaictance signifies an action on the closed recepi
The hysteresis loop indicates that the sensitivity of the cli
conformation of the receptor to the drug is dependent i
voltage and time. j..• the condition develops with time a
holding potential in the absence of transmitter (Albuquerque
&1_. 1980b: Masukava and Albuquerque, 1978). The EPC d
remained mono-exponential in character in the presence of
bur vFp- became less dopendent on membrane potential (Fig.
The greater r'eduction of rrpC at hyperpolerized potentials
indicative of the increased. rate of drug binding to an i
conformation of the channel. Thus. in a simplistic mannes

~,,A
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reduction in rEPC, retention of single exponential decay of the
EPC and depression of the relationship between rEpC and membrane

* potential without loss of voltage-dependence of the EPC amplitude
indicates that open channel block occurs. The combination of
:hese and the effects on EPC amplit.de indicate that PCP blocks
the nAChR channel in both the open and closed conformations.

PCM. the morpholine analogue of PC?, does not affect the I-V
relationship of the EPC as does PCP (Fig. 2). The EPC is
depressed in a dose-dependent manner (IC 5 0 - 90 g4) but the I-V

* relationship remains linear, i.e. there is neither hysteresis
nor negative slope conductance (Aguayo and Albuquerque, 1986a).
At the same dose. rEpC was more severely depressed and became
independent of membrane potential (Fig. 2). These findings with
PCH are indicative of a selective block of the open channel,
rather than the closed channel.

In addition to acting on the open and closed conformations
of the channel, there have been suggestions that PCP acts on the
nAChR (in a manner similar to some local anesthetics, chlorpro-
mazine or perhydrohistrionicotoxin (HI12-HTX)) to produce desensi-
tization or to bind with and stabilize the desensitized state of
the receptor (Aguayo f&. al., 1986). ',hen desensitization occurs.
the amplitude of ACh potentials evoked by repetitive microionto-
phoresis decrease rapidly crmpared to the normal state where

* there is almost no such reduction. To test tite hypothesis, we

!
* '•o999

LO n

6

Fig. 2. Effect of PCP and PCM on the current voltage relation-
ship and the decay time constant of the EPC. Left: I-V rela-
tionship in the absence of drug (0) and in the presence of PCIP
(20 p.4, ;) and PCM (,0 pM, 0). Right: Relationship betweenthe
rFpC and the membrane potential. The hysteresis loop produced in
the presence of PC? was generated by recording in the clockwise
direction with voltage changes 2.5 see prior to stimulations
which occurred at 3 sec intervals (20°C).

0
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A
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Fig. 3. Desensitization of the extrajunctional nAChR of t
rat soleus muscles induced 'y PCP, PCH and H1 2 -HTX. Typical I
potentials are shown am the left and th-m time course of deso
sitization is shown on t rignt. with sensitivity expressed at
percentage of control. RecordIngt were made in the abset
(trace A. 6) and presence of PC? (S MA. trace B. A). PCH (50 $
trace C. A) and H1 2 -MZ (5 AM. trace D. 0). Each symt
represents the mean fru 4 or 5 derermainations.

--_m""-- - ---

Fig. , Left: Gurret-voltage ralattonshipx obtained in I
presence of PCP and "_ 1. Each point represents a sinI
determination of the sezgle-curre~nt amplitude at t:he indicte
membrane potential (inside-ot &"! cell-attached conditiono
The pipette contained AQ• alone (0.2 uX. *). A•h plus PCP (4 j
0) or ACh plus PCH (10 A. MI. Linear regression analysis gi

Schannel conductance of 25 pS and a reversal potential of -,!
mV for all the condittlcon •IO*C). Right: Single-channel curret
wern recorded in the presece of the sam~e drugs at -120 mV, 101
III@ hi,;to~rams reprseatm the open time distributions obtait
frnm cell-attached psacCmls.
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compared the responsiveness of the nAChiR in denervated rat soleus
muscle to ACh in the presence of 5 jAh PCP, 50 u41 PCZ4 an( 5 AM

* H1 2 -HTX, which all produced similar reductions of the initial ACh
potential. As shown in Fig. 3, the amplitude of the 60th
response to a train of applications of ACh under control condi-
tions (1 Hz, 60 sec) was 95% of the first. Of great importance,
PCP only decreased the ACh potential at the 60th response to 80%,
an effect indistinguishable from that caused by PCX. H1 2 -HTX, on
the other hand quickly reduced the response such that the 60th

* response was only 30% of the first ACh potential. Thus the
desensitizing properties of PCP and PCX are ext.remely weak.

To further substantiate the action of PCP on the nAChR, we
next examined the effects of PCP on single channel activity in
rat myocytes in culture (in the presence of 0.2 gM ACh) using the
patch clamp methodology with inside-out cell attached prepara-
tions (Fig. 4; Aguayo e• eL., 1986). Within the range of -40 to

* -160 mY, the amplitudes of single channel currents were linearly
related to the membrane potentials. The channel conductance of
25 pS and the reversal potential of -5 mV were unaffected by
either PCP (4 #M) or PCX (10 p4) (Fig. 4A). Channel lifetime and
frequency were however affected by PCP (Fig. 4B). At 4 jUK PCP
and 10 AM PC1, the lifetimes were significantly reduced from 21
msec (control) to 9.6 msec and 8.9 msec, respectively. The

*frequency of channel openings was significantly reduced at 4 'UM
PCP and at 10 j44 PC? the channel openings were rare. The reduc-
tion in channel lifetime (akin to the reduction in rEpC) at
lower concentrations represents open channel blockade. On the
other hand, the decrease in frequency of openings at higher
concentrations may well represent a blockade of the closed
conformation of the channel.

0
Effects of PC? analogs on the nA~hR

From the aforementioned studies, we can see that replacement
of a carbon atom in the piperidine ring with an oxygen to form
PC0 reduced the effects on the I-V relationships of the EPC. It
appears that a simple substitution such as that which occurs with

* PCM, results in a compound which selectively causes an open
rather than a closed channel block. In addition to the morpho-
line substitution on the piperidine ring (PCci), we studied
effects of various other substitutions on the piperidine ring and
the phenyl ring, as well as replacement of the phenyl ring
(Aguayo and Albuquerque. 1986a).

The removal of the phenyl ring results in a compound
* (1-piperidtnocyclohexanecarbonitrile, PCC) with some curious and

interesting effects (Aguayo .€.•.. 1982). The peak EPC was
depressed in a linear fashion at all concentrations without
producing either hysteresis or negative slope conductance at
hyperpolarized potentials. In addition1, there was no effect on
the single exponent.ial nature of the EPC decay or on 'EPC, which
had tended toward voltage- independence with PCP and the other

0
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analogs. Such results support :he notion that there a
allosteric effects on the receptor which influence amplitude a
the rate of decay.

Substitution of the piperidine ring with an amino gro
(PCA) reduced the potency of the resultant compound to lower t
EPC amplitude (Fig. 5C). At low concentrations, the depressi
of the I-V relationship of the EPC was linear. At high
concentrations there wa-s a hint of non-linearity with only t
slightest hysteresis but no negative conductance as the mombra
was hyperpolarized. 1h !C 5 0 for PCA was about 39 pM. With
secondary amine in the form of an amino-ethyl substitution (PC
for the piperidine miety. the hysteresis was more pronounc
(Fig. 5D) than with MA and the IC5 0 y,,s about 10 pM, but the
was no negative slope conductance in the I-V relationship at ti
concentrations examined. Extension of the series of N-alk'
substituted PCP analogs to include n-propyl, isopropyl, n-but'

and sec-butyl derivatives demonstrated that an increase in cha:
length generally resulted in an increase in the potency of td
compound to reduce the peak amplitude of the EPC (Warnick ecal
1982). PCPY, the pyrrolidine analog, had effects quite simili
to those of PCP on the EPC: there was a time- and voltago
dependent reduction of the EPC and the occurrence of negati,
slope conductance was more apparent as the membrane was hypel
polarized (Fig. 5A). The IC 50 was 16 pM, similar to that of PCI
As previously mentioned, the morpholine analog PCM, did not hai
a voltage-dependent effect on the EPC peak amplitude (the IC4
was 90 ;AM) and it was equally effective in reducing the amplitu¢
of both inward and outward currents (Fig. 53). Thus, propertit
other than size of the substituted moiety play an important role

Fig. 5. Concentration-
dependent reduction of the .
peak amplitude produced by N- ..... ,
substituted analogs. The ,] ,
peak amplitude was measured
in the absence and :•e x
presence of each analog after Y."
at least 30 min of super-
fusion at the indicated
concentrations. Each symbol ,
represents the mean of at a____ ,
least 6 endplares from 3 to - "
5 muiicles (20*C). The peak
amplitude was reduced -

significantly by all the
analog d at concentratIons :
thao produced a 50) de.ves-
'Jion. (IC50, P <.05).
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Substitutions on the phenyl ring (Aguayo and Albuquerque,
1986a) resulted in a number of changes in the pharmacological
activities. Compounds such as R-Cl-FCP. p-F-PCP and p-NO2-PCP do

* not exhibit either hysteresis or negative slope conductance in
the 1-V relationship of the EPC. But p-CH3 -PCP and R-CH 3 0-PCP
induce hysteresis and negative slope conductance with a potency
approaching that of PCP. The more polar compounds (p-N0 2 -PCP and
p-CH3 0-PCP) have less potency than PCP in reducing the amplitude
of the EPC. whereas the less polar analogs (p-Cl-PCP. p-F-PCP and
p-CH3 -PCP) were more potent.

41- Phenyl substituted analogs of PCP are its thienyl derivative
(TCP) and the doubly-substituted morpholine (TCM) and pyrrolidine
(TCPY) analogs. TCP (Fig. 6A) and TCPY act like PCP on the EPC
in all ways except that their IC50 s for the peak of the EPC at
-100 mV are 6 mM and 5 IAN, respectively, making them more than
twice as potent as PCP. TCH on the other hand, was one of the
weakest of the analogs with an IC50 for the EPC of 70 AM (Fig.

* 6B). Like PCH. reduction of the peak amplitude of the EPC by TCM
was linear at both negative and positive potentials.

From these experiments, one can conclude that the polarity
of the molecule is directly related to the potency of the
compound and the likelihood that it will block both the open and
closed forms of the nAChR channel. Also, the rhienyl substituted
analogs of PC? are more potent than PCP and are therefore

* potentially more dangerous as behavior-altering agents.

• Fig. 6. Concentration-
dependent reduction of the
peak amplitude of the EPC
produced by analogs with
changes on the aromatic ring.
The peak amplitude was ,, .,
measured In the pretence and :

* in the absence of each analog. I -,

Each symbol reptesents the
mean of at least 3 to 5
muscles (20,C). TCP (A) and
TCPY (not shown) caused simi- .

lar effects on the I-V . -

relationship. CM (5) was
less potent and the decrease
in the potency was accom-
plished by a decrease in the
voltage sensitivity of the
blockade. TCH. like PCH, did
not Induce a i-reative crxtanoa.

0
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PCP on Glutanatergic Oramaels

The actions of PCP were studied at the insect neuromuscular
junction where L-glutamate is a porent excitatory transmitter
(Idriss and Albuquerque, 1985). The peripheral location of the
receptor in the metathoracic tibialis muscles of Locusta migra.
toria facilitated a quantitative electrophysiological investiga-
tion of glutamatergic receptor function (which is only no,
becoming possible at central mammalian neurons). Under control
conditions, the peak aeplitude of the excitatory postsynaptic
current (EPSC) evoked by stimulation of the crural nerve it
linearly related to the membrane potential between -50 and -14(
mV. Upon exposure to PC?, there was a concentration-dependent
depression of the EPSC at 5 to 40 jid (Fig. 7). Unlike the
nicctinic junction, there was no hysteresis in the I-V relation-
ship and only the slightest non-linearity while at the most
negative potentials with the highest concentration of PCP (4C

pat). Thus, PCP appears to block the channel of the glutamacergic
receptor in its open conformation. Also like the frog neuro-
muscular junction, there was little if any desensitization under
control conditions or in the presence of PCP (10-80 pM). Here,
again, the TCP analog was also more potent than PCP while other-
wise reproducing the effects of PCP (Swanson and Albuquerque,
1987). In summary, there is a concentration-dependent reductior
of both the EPC in frog skeletal muscle and the EPSC in locust
muscle with PCP, but the Z-I relationship in the former exhibits
both time- and voltage-dependent changes (i.e. , hysteresis an4
negative slope conductance) while in the latter, the I-V rela.
tionship remains linear.

Although the rEpSC was reduced equally at all voltages b)
PCP. this decay time constant was reduced in a concentration.
dependent manner. This action of PCP could be described by i
model similar to the sequential model of ionic channel blockade

Je,

' ' *'

Fig. 7. Left: Series of EPSC& recorded from locust flexor
metathoracic tibialis muscle. Right: Current-voltage relation.
ship ot EPSCs. Recordings were made in control conditions (0,
A), in the presence of 5 (A. 1). 10 (0, C), 20 (0) and 40 (A, D)
mM PCP and after 60 min wash (6, E).
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A I

I'07

Fig. S. Effect of PCP on glutamate-induced EPSC fluctuation in

Slocust mu~scle. Power density spectra were produced by bath
application of 50 AM monosodium L-glutamate before (A) and after
o0 cin superfusion of 5 stM PCP (5). Spectral analysis provided a

r of 4.1 asec under control conditions, and 3.0 msec ir. the
presence of 5 pX PCP. These spectra were obtained from the same
fiber clamped at -50 mV.

p
for the nAChR (Adams, 1977; Adler M,_ e,, 1978). Further
substantiation of the open channel block by PCP at glutanatergic
channels was obtained from fluztuation analysis of voltage-
clamped fibers. As indicated by the power density spectra. PCP
(5 wM) decreased the channel liFetime by 25% (from 4.1 to 3.0
msec) without changing channel conductance (Fig. 8).

PCF on e4 conductance (gui) in Spinal Neurons

Two types of Ke currents are of interest because the early
transient and late outward currents carried mainly by X+ can
participate in regulating neuronal excitability (Adams ML AL.,
1980; Tourneur M_&L. 1983). Such conductances show differen-
tial sensitivity to 4-aminopyridine (4-AP) and tetraethylammonium
(TEA) (Bader tAj_. 1985; Tourneur eMaLL4 . 1983). Recordings
were made from spinal cord neurons maintained in culture for 10-
20 days. The cells had resting membrane potentials of about .55
mV. Single depolarizing pulses of 5 msec duration end above
threshold strength elicited a simple spike, and occasionally also
spontaneous and abortive spikes (Fig. 9A). Lengthening the
stimulating pulse to 70 msec produced multiple spikes with the
secondary spikes always being smaller (Fig. 9C). These spikes
were all blocked by tetrodocoxin (I )AM) and therefore their
generation was 11s*-dependent. The addition of PCP to the
bathing solution revealed a prolongation of the spike at 200 04
PCP and, at the higher concentration of 500 )AN, a reduction of
spike amplitude (Fig. 10).
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In prolonging the repolarization by blocking outward K+ cur-
rents, PCP was considerably more potent than either 4-AP or TEA,
which required about 5 mM. To examine the outward K+ currents,
the preparation was bathed in tetrodotoxin (i ;AM) to block gNa.
Also, the Ca2+ content of the physiological solution was reduced
and/or Co2 + or Mg2 + were added, to block Ca2+ currents but these
did not matter. The outward current included a rapidly rising
transient and a slowly rising rectifier (Fig. 11). The initial
current was more sensitive to reduction by 4-AP and was eliminat-
ed by depolarization, as has been demonstrated in invertebrates.
It therefore appears to be an "A" current (Connor and Stevens,
1971). The later phase was more sensitive to TFA than to 4-AP.
It appears that the "A" current is moit likely a Ca 2+-activated
K+ conductance. Consistent with this hypotLesis are our observa-
tions that Rb÷, which passes easily through rectifier K+ channels
and passes poorly through Ca2 +-activated K+ channels, bl.ocked
this *A" current. PCP can completely block the "A" current while
leaving the delayed rectifier partly active (about 50%; Fig. 12).

Fig. 9. Spontaneous and current-
induced electrical activity in
spinal cord neurons. Current- ,
induced action potentials were
examined in neurons held at -70 mV
(21"C). A: Normal spike obtained
under current-clamp conditions by
passing a constant current pulse of
5 msec duration (280 pA). B:
spontaneous spikes obtained from
another neuron at a mewbrane
potential oE -50 mV. (In the
presence of tetrodotoxin, which
blocked this spontaneous activity, a
calcium-dependent syna&Vtic activity
was observed in about 70% of the neurone Px"_ni."d). r- Typical
response from spinal cord neurons using a current pulse of 70
msec '270 pA).

Fig. 1O. Effect of PCP on eurrent-induced electrical activity
in spinal cord neurons. The voltage traces were obtained by
passing a rectangular pulse of current (280 pA, /0 mrec) before
and diirinr the exposure to 100, 200, and 500 jdM PCP, respectively.
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I 20 M"

Fig. 11. Outward current recorded from a spinal cord neuron.
After establishing a gigaohm seal we membrane was disrupted by

applying a small suction to the patch micropipette. The left

panel shows control outward curre•ts obtained ut meabrane
potentials of -40, -20, 0 +20, +40o +"6 and +80 mV starting from

a holding potential of -60 mW. N• the presence of the tran-

sient outward shoulder. The right pawel show currents recorded

from a holding potential of -100 mY, the coanutd potentials were:

-80, -60, -40, -20, 0, +20, +40 and * my. The control bathing

solution contained TTX to block Na+ currents (21"C, pH 7.3).

S":~ :: :e
-P %

Fig. 12. Effect of microperfusiom with PCP on the spinal cord

outward currents. The upper panel shows current traces obtained

from a single neuron, before during and after the application of

100 ;A PCP onto the cell soma. The holding potential was -60 mV

and the comsand potentials were -40. -20, 0, +20, +40, +60 and

+80 mV. The lower panel shows the time course of the effecta of

PCP on the transient (o) and the delayed (M) currn-nt amplitudes

measured at 12 and 60 msec from a call held at -60 'mV and

depolarized to +40 imV. PCP was effective in reducing both

currents after 20 sec of applic'atiMI. The blor-kada wva rapidly

reversible when the pipette was with•a•n fr" the call.
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DISCUSSION

The effects of PCP and irj analogs on the nAChR had specific

structural relationships t, their effects. These changes can be
described hy three actions: reduction of EPC amplitude, hyster-
esis of I-V relationship, and a decrease in rEPC which is
greatest at hyperpolarized potentials. The mechanisms which
produce these effects can be modeled as closed and open channel
blockade; desensitization plays a relatively mino role in
amplitude reduction. The zignificance of these effects in
toxicity is unclear. although it can be noted that simple, linear
reduction of amplitude is seen with behaviorally inactive drugs
(including PCC) and the decrease of fEPC by PCM exceeds that of
PCP in spite of its lesser behavioral effects. Thus, allosteric
mechanisms probably are important to the evolution of many
functional changes. Whereas glutamatergic transmission is
blocked by PC? and TCP. only a single pattern of effects has boen
demonstrated and the effects of behaviorally inactive analogs
have not yet been examined. Because alteration of transmission
via receptor effects occur at relatively low concentrations, the
role of synaptic blockade should be considered along with other
actions of PC?.

"oe have demonstrated the depression of two types of K+
channels in spinal neurons with PCP. The block of gK observed in
spinal neurons and skoletal muscle could be important to the
function of central neurons. It could, for example, explain
increased neuronal activity (directly or indirectly) associated
with a reported increase in 2-deoxyglucose consumption with PCP
alterations in local cerebral glucose utilization induced by
phencyclidine (Weissman ! aL., 1987). However, PCP decreased
excitability in cultured spinal neurons, despite prolonging the
action potential. This probably resulted from a reduction of
g"'la. 'e also could not demonstrate increased excitability (or
action ootential firing) or an increased magnitude of the
monosynaptic reflex, which PCP likewise suppressed (Carp et aJ..
1984) It is difficult to explain the lack of increased excit-
ability in these central neurons faced with the block of gK by
PCP. It may be that prior activity is important to increased
excitability, that increased excitability is due to effects on
nther neurons not present in culture, or that perhaps a transmit-
ter is lacking in cucture. In spite of tthe lack of enhancement
of excitability in the latter studies, it does seem that block of
gK by PC, is an important factor in the pathopharmacological
eltfect- of PC? in causing excitation and then depression. The
structure-activity relationships, studied more extensively in
%keletal muscle, revealed that the behaviorally active anarogs
blocked potas-ium-mediated currents and were more potent in
reducing t-nI(Ipl1te potentials.

V• • . . • [ . .



CHAME BLOCKADE BY PDCYCLIDIWES 437

* This work was supported by National Institutes on Drug Abuse
Grant DA02804 and U.S. Public Health Servite Grant NS-12063.

Adams. P.R. : Voltage jump analysis of procaine action at frog
* end-place. J. Physiol. 268:291-318, 1977.

Adams, P.R., Smith, S.J. and Thompson. S.H. : Ionic currents in
molluscan soma. Ann. Rev. Neurosci. 3: 141-167, 1980.

Adler, M.. Albuquerqbe, E.X. and Lebeda, F.J.: Kinetic analysis
of endplate currents altered by atropine and scopolamine. Nol.

*) Pharmacoj. 14: 514-529. 1978.

Aguayo, L.G. and Albuquerque, EX.: Effects of phencycliaine and
its analogs on the end-plate current of the nauromuscular
Junction. J. Pharuacol. Exp. Ther. 239: 15-24, 1986a.

Aguayo, L.G. and Albuquerque, L.X.: Blockad# and recovery of the
* acetylcholine receptor produced by a thienyl analog of phencycli-

dine: influence of voltage, temperature, frequency of stimulation
and conditioning pulse duration. J. Pharmacol. Exp. Ther. 239:
25-31, 1986b.

Aguayo L.G. and Albuquerque, E.X.: Phencyclidine blocks twe
potassium currents in spinal neurors in cell culture. Brain

*) Res. in press, 1987.

Aguayo, L.C., Warnick, J.E.. Kasyani, S. Click, S.D., Weinstein,
H., and Albuquerque, E.X.: Site of action of phencyclidine IV.
Interaction of phencyclidLne and its analogues on ionic channels
of the electrically excitable membrane and nicotinic receptor:
implications for behavioral effsets. Rol. Pharmacol. 21: 637-
647, 1982.

Aguayo, L.G., Vitkop, B., and Albuquerque, E.X.: Voltage- and
time-dependent effects of phencyelidines on the endplate current
arise from open and closed channel blockade. Proc. Natl. Acad.
Sci. 83: 3523-3527, 1986.

Albuquerque, E.X.. Tsai. M.-C., Aronstam, R.S., Witkop, B.,
*) Eldefrawi, A.T. and Eldefrawi, N.E.: Phencyclidine interactions

with the ionic channel of the acetylcholine receptor and electro.
genic membrane. Proc. Nstl. Aced. Sci. USA. 77: 1224-1228,
1980a.

S



438 CHANNEL UDMADE IT PNHCYCLIDINES

Albuquerque, E.X.. Tsai. X.-C., Aronstaw, R.S., Eldefrawi, A.T.
and Eldefrawi, M.E.: Sies of Action of Phencyclidine. II.
Interaction with the ionic channel of the nicotinic receptor.
Mol. Pharmacol. 18: 167-179, 1980b.

Bader, C.R. , D. Bertra and D. Dupin: Voltage-dependent
potassium currents in developing neurons from quail mesencephalic
neural crest. J. Physiol. 366: 129-151, 1985.

Carp. J.S., Albuquerque. E.1. and Warnick, J.E.: Phencyclidine-
dopamine interaction In the isolated neonatal rat spinal cord.
The Pharmacologist, 196.

Connor, J.A. and Stemves, C.F.: Inward and delayed outward
currents in isolated mearal sonata under voltage clamp. J.
Physiol. 213: 1-19, 1971.

Idriss, M. and Albuquerqu E.X.: Phencyclidine (PCP) blocks
glutamate-activated pesyeptic currents. FEBS Lett. 189: 150-
156, 1985.

Masukawa, L.M. and Alemxrq, E.X.: Voltage- end time-dependent
action of histrionicecatin on the endplate current of the frog
muscle. J. Gen. Physiol. 72:351-367, 1978.

Fwanson, K.L. and Airb.;.rque, L.X.: Functional changes induced
by giJma-opiate action so the glutanate receptor complex:
Comparison with nicodlsc SiMa-oplae actions. Fed. Proc. 46:
339, 1987.

Tourneur, Y., Romey, C_. and Lazdunski, M.: Phencyclidine
blockade of sodium and petassium channels in neuroblastoma calls.
Brain Res. 245: 154-151. 1913.

Tsai, M.-C., Albuquerqm. E.X., Areustams R.S., Eldefrawi, A.T.,
Eldefrawi. K.E. and Trgg.•e. D.J.: Sites of action of phencycli-
dine. I. Effects on the electrical excitability and chemosensi-
tive properties of the morommiscular junction of skeletal muscle.
Nol. Pharmacol. 18: 159-166. 1910.

Warnick, J.E., Aguaye. LC.., Maleque, M.A. and Albuquerque, E.X.:
N-alkyl analogs of phee-yZidine on twitch and endplate currents.
Fed. Proc. 41:1333, 1912.

Weissman, A.D., Yam, f. aod Lwnodn Z.D.: Alterations in local
cerebral glucose utiliza•ion induced by phencyclidine. Brain
Res. in press, 1987.



FUNDAMENTAL AND APPLED TOXK=0CWV 4. S27-S33 (l9S4)

The Interaction of Antihl inemsterae Agents with the
Acetylcholine Receptor-Ionic Channel Complex'
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The Interactionof Antichoimueueang Agents with the Aciftylcioline Receptor8ionc Channiel!
Complexi. AL u~uERQuc E. X. AKAUCE. A.. 51tw. .-P.. Am RiCKETY. 0. L (1984). Fund.,.

*.4Aat. Tcttikvd. 4. S27-S33. The anions ofpyidsilai i~(Pft7 aquaterary carbamatc compound.
and physostigmine (Phyk a tertiary cacimmate. beth know, fnr their reversnble inhibition of
a~ctyICholiaCeuennc (AChE. were studiet on the electrically excitable membrane and acetylcholine
(ACh) recepsor of the frog cusaamus peciori. sartorius and interomseal muscles, as well as the
chronically dleaervaled soieus muscle of therat and tayobaila frunm neonatal rat& Both Pyr and
Pity first posenfiated. then depresied and finally blocited the indirectly evoked muscle twitch.
Pyr and PMy had negligibe effni upon either Pembae posandial or muscle action potentiaL

* ~But at the wanapc junctimn. they decreased the peak amplitude of the endplate curr-at (EMC
in a voiltageo. and c en-aemioeide endn manne. Pyridmutilmigse produced a marked probe
gatin of the der." tme constants of both the EPC and the miuaissum eadplate current (MECI
while mnaintaining a siagle exponential decay, and Pity decreased peak amplitude. while having
little eflfct on its vusiap dependence. Pttysossigmine Wasedcae the decay time constant
sunestingt a channel block. pmrsenably, in open state. Sim*l channel recordings using patch
damp techniques disclosed that Pvr interacts wit the ALII racepior asa weak agonist capable

* ~~of inducing decsasuinumgan jne, and when cosrrotmed with AA-b. Physawiine intericts dim*d
with the AC.i-ionic chasnei complex. blocking it in a"ncnonala

Since the initial demonstration by Koster mine (Pyr) pretreatment has been demon-
(1946) that pretreatment by the carbamate strated. partictularly against soman (Gordon
Physostigmine (Phy) protected against the le- et al.. 1978; Dinthuber et al.. 1979). and it

* thal effcts otdiisopropyiphosphoroluoridate has been incorporated as a pretreatment
(DFP). a great deal of research has centered against OP compounds (Gail, 19$ 1). In ad-
on the utility of carbantate pretreatments as dition. Pyr is widely recognized for its use AtS
adjuncts to therapy for exposmr to some or. a medicatio for myasthenia gravis (Drach-
ganophosphorus (OP) compounids. For ex- anuu. 1981). Both of these therpeutic uses
ample, Berry and Davies (1970) found that am thought to rely upon Pyr's slow-acting.
atropine and physosigmine pretreatments reversible inhibition of ACh. These percep.
gave protection against soman poisoning. as tions have persisted in spite of fth quite divetse
did other carbamatms whereas a number of effects of carbarnates. e.g., -masigmine and
anticholinesterases (anti-Ch~s) were inactim. Thy, on the neurmuwscular junction (Feng
More recently, the suitability o( pyuidostig. 1940; Shaw el a.. 1983; Eccles and Mac-

Farland, 1949). Although alternative inter.
'Ti stud wa uprtdb S Amy COM pitations have been presented (Kuba and

DAMD-17811.C.1279 Medical itneban Develop Tomita. 1971; Kordas. 1972a; Kuba el al.,
ment Command. 1974; Kardas ~t at. 1975). some of thesw Nelme

S2.7 0272-0590M5 $3.00
copgu@tu q is" 6Vin 0*&" Tagne.
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may be due to inhibition cf AChE and re- Paicb cagpp studies were conducted on both the myoball

sultant accumulation of ACh in the synapuic prepanrtio from neonatal rats as well as intact, mature
single fibas from frog interosseal muscle. Where appli-

cleft (Katz and Miledi, 1973. 1975; Maglehy ed expressedathemean ± the standard error
and Terrar, 1975). In addition, some effects of"te mean. The two-4ailed Student I test was used for

appear to be due to presynaptic alteratio statisdical comParson.L Values ofp < 0.05 were considered
which may have less to do with AChE than a statistically significant.
with nonspecific cholinesterases. presynapac
cholinoceptive sites, or Ca2' transport neac- RESULTS
anisms, any of which might influence ACh
release and the generation of antidromic nerve Effet of Pyr and Phy on muscle twitch, ac-
impulses (Duncan and Publicover, 1979). The dion potential. EPC, MEPC. ACh sensitivity.
curare-like depression of ACh sensitivity in and desensitization. The structures and con-
the presence of a carbamate (Eccles and centration-dependent effect of Pyr and Phy
MacFadand, 1949) may be due to competitive on the indirect twitch tension of the frog sar-
inhibition (Seifert and Eldefrawi, 1974) or torius muscle is shown in Fig. 1. Both Pyr
binding to other sites on the nicotinic ACh and Phy at different concentrations first po-
receptor (AChR) (Carpenter et al., 1976). By tentiated, then decreased, and subsequently
directly interacting with the AChR, carba. blocked neuromuscular transmission of the
mates could affect the rate contants of ACh- frog sartorius muscle (see Fig. 1). No signifi-
induced conformational changes (Kordss, cant effects of Pyr and Phy were observed on
1972b; Kordas er al.. 1975). Because of the the threshold, amplitude, rate of rise or half-
diverse effects of carbamates at the neurl- decay time of the indirectly elicited action po-
muscular junction, it is difficult to identify tential, or resting membrane potential re-
those properties of this class of compounds corded at extrajunctional regions along surface
which confer protection against the actiom of fibers of the cutaneous pectoris muscle.
OP chemical warfare agents. Clearly, an in- Figure 2 shows control values and effects
derstanding of these protective and antago- of Pyr and Phy on EPC peak amplitude and
nistic actions is essential for rational decision decay time constants (r~pC) recorded a0t several
making concerning selection of drugs for en- voltagedalmped membrane potentials (see also
hanced protection beyond that which is avail- Pascuzzo et al.. 1984 and Shaw, or al.. 1983).
able with current systems of medical defense In comparison to control values, Pyr (I0 uM)
against nerve agents. The objective of this increased the peak amplitude of the EPC and
study is to identify mechanisms of the anti- prolonged r*c, while at concentrations ; 100
ChE actions of Pyr and Phy at the macro- gm the peak amplitude at -100 mV was de-
molecule comprising the nicotinic receptor- pressed and TEIe even more lengthened. At
ion channel complex. higher concentrations Pyr ( 100 jM) depressed

EPC peak amplitude and produced nonlin-

METHODS eatity of the current-voltage (1-V) relationship
al hyperpolarized potentials. On the other

The detailed methods used-ei,- th es hand, Phy at concentrationsba20 tm decreased

previously reported (Pascuuo er . 1984: Akaike e r.. the peak amplitude ofthe EPC with little effect

1984: Maieque ral .. 1932: Kula ev al.. 1974; ARbueqigp* on its voltage dependence and simultaneously
and Mclssac. 1970). Very briefly. Pyr and Mhy actions shortened the time constant of decay at hy-
were studied using indirect muscle twitch. muscle acties perpolarized membrane potentials (Fig. 2B).
potential analysis. voltage clamp reeordings of erCtidse Similar effects of Pyr and Phy were also
current (EPC) fluctuation (noise) analysis. double band
ntcroontophores•s of ACh for fast and slo deseoi seen to occur on the spontaneous MEPC. An
zation, and patch clamp analyses including iside . eqivalent effect for both agents was discerned
outside-out, and cell attached patch clamp prepost on the peak amplitude and time constant of
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FIG. 1. Doue-respon elasiaaship ofthe eaci o aP~ mmd pF ou indirers tujick igniiodoif foSWui"n

misle. Indirect twitch teasiom is pMe.catod a prresio 0 of the Coaarol value I -k , oUrto Pyr
(0) Or Phy (01 in la 1"t uS muscle pwm,,a.o Poiak wiure no bar appina th SE vle ws too all
to be show. The IC50 of Pyr md Pby is 2 amd 200 we. mmvely, After appiaisa o( Pyr (4.8
MaMaPhtimu), each pfetioA wg u dhd riady (or 0.r. iPYr rewaim le poaevy thin

Phy by shi ni to the rsidge.

decay, i.e., Pyr (4G 10 IM) and Phy (m;2 gm) able to induce an incma in desensitization
potentiated the peak amplitude and length. caused by the ai - application
ened the time constant ofdecay (see Pascuzzo of ACh.
etal.. 1984; Shaw e al., 1983). Effecs of P'r and Phy of the ionic channe

To eliminate the contribution of cholin- oythe icminic AChR. To clarify Pyr end Phy
esterase to the desensitizing effects of Pyr. interactions with the nicotinic receptor-ionic
double barrel experimnts wete performed on channl complex, the drugs were studied at
extrajunctional regions of the chronk aly (7- various concentrations on the rat myoball or
10 day) denervated rat soleus muscle (Pas- matare., interomeal muscle under different
cuzzo ef ral. 1984). In the presence of Pyr conditions or patch clamping and drug ap.
there was rapid desensitization duriig the plication.
steady pulse and a very lengthened recovery Single channel currents recorded from the
time. Another phenomenon which was presnmt surface of t,e myobail. in the presence of ACh
was A small ACh-induced steady membrane in the micropipette. had channel amplitudes
depolarization which was evident both bfore ranging from 1.3 to 2.4 pA (mean - 1.9 :t 0.3
and after the long ACh pulse. During the pA) at the holding potential of +60 mV (pi.
washout of I to 5 mm Pyr, .ecovery to control pette interior, pi). The channel lifetime under
values was observed at about 2.5 hr. In pre- these conditions was 26.0 msec. Pyridostig-
liminary experiments. Phy also proved to be mine (50 pM) in combination with ACh (1(00
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FiG. .. Effects of Pyr and Phty on EPC peak sadlmm sh time flme e of EPC' decay. (A) The

relationsh.p between peak amplitude of the EPC atl s mW mae ftp oef Cotrl (0). I mm Pyr (O),
200 #M Phy (a). Each point represents the mesa (:tiM o ta 45 surmfce 5iben from at least 4 muscles.
The peak amplitude at -1(00 mV was depressed *S ao =M of control value by Pyr (I mM) and Phy
(200 ;,m) respectively. (D) The relationship betwee she gMpilhs o(the time constant of EPC decay and
membrane potential. Symbols are the same as in (AL The domp time cimon was prolonged by Pyr (I
mM) but shortened by Phy (200 ,um) at hypenloulad inCmOW

nM) produced marked flickering of the chart- mirkedly aftered the amplitude ofsingle ACh
nels. however, channel lifetime remained un- channed currents. The effects of Pyr were bi-
altered when compared to that produced by pmasic, i.e., within 5 min after drtg application
ACh alone. Under these conditions, the num- rewasan incrmse in ACh channel currents
bef of channel openings interrupted by flick- to 120-130% of control values and this was
ering increased as a function of time of ex- foMowed by a marked reduction in amplitude
posure(between2and6minafterthegigaohm which achieved its maximum 30 min after
(GO) seal had been achieved) to both ACh dmg application. The presence of Pyr (50 jM)
and Pyr. By itself, Pyr induced in either rat pmoduced a reduction in channel amplitude
myoball or the perisynaptic region of the in- i 86% of control at ±80 mV (pi) and 67%
terosseal muscles, the appearance of voltage- a +60 mY (pi), while at +40 mY (pi) the
dependent. low frequency, small amplitude L-M ofthe amplitudes became indistinguish-
(1.1 pA at - 100 mV vs 2.3 pA for ACh) chan- le from baseline (0.5 pA). The dose depen.
nels which became more prevalent during the deace of this effera is reflected in that Pyr (100
course ofPyrexposure(I100iM)(Fig. 3).From o) produced an 80% reduction at +80 mV
the I-V relationships the channels opened by (pi) and a 48% reduction at +60 mV (pi). The
Pyr had a low conductance of I I -12 pS and emduction at +40 mV (pi). as with 50 gM Pyr,
a reversal potential of 0 mV. These channels -m such as to be indistinguishable from base-
were blocked by treatment with a,-bungaro- fort Channel lifetime. unlike amplitude, was
toxin (I pg/ml). oaffected in these experiments. The mean

Pyridostigmine did not induce alteration in dame& lifetime at +80 mV (pi) under control
channel lifetime of the single channels. Su- cuditions was 25.8 ± 2.7 msec. Addition of
perfusion of Pyr (50-100 ;,M) into the bath Pyr (50 ;,M) produced lifetimes of 26.6 ± 2.5



SITE OF ACWHO OF ANTXICOUNESTERASE AGENTS S31I

micand after 30 min at 100 gmt. although
- inducing a Large number of fast flickerings.

ACa channel lifetimes remained similar to
control values (2S.8 msec).

Although being a quaternary compound.
the effect- of Pyr on Ads channels recorded
fiom cell-fite patch (inside-out) were similar

~ for drug application in the bath and within
the patch pipette (see Akaike ea ad.. 1984).

When a gsgaohm seal was obtained by ap-
proaching rmicopipettes containing ACh (300
jdE) and Pity (200 jum) at the perijunctional
AOt-io v haund complex of the interosseal
muscle, a significant shortening of channel
lifetime witho.At alteration in channel con-
ductance w'as observed. At concentrations of
100-200 ptu Phiy reduced the channel lifetime
from 15 n--sPet to about 7.0 msec: (holding po-
tential -60 to :-100 mV). Pisysostigussne de-

cmdchannel conductance from 25 pS con-
trol, to 20 pS during exposure to the drug.
Figure 4shmowsthe effect of Phy (100-200 pm)

FaG. 3. Sampks of uughe diawneb kv by Pyr. on~ the mean open time of single ACh channel
S1335c Cbistcnnum C1l bU f fmat(I dbpeiwy.. currents. It is clear that Phy shortened channel

~ ~ -~.~, ~b~.,~lifetime and. after 10 1 min of exposure to
ACh-acuvWau ciiAgei Fm rewde -60 oy. Mitomiad the drug the ffiquency of channel opening

I kI*. decreased sivsficantly.

94SR cPumm law~

Ia

fudshl- Ikil
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UM and after 30 min at 100 mM. although
xhicing a Larg number of fast flickerings.
tO diannei lifetimes remained similar to

IAvalues (29.9 nsec).
Akibough being a quaternary compound.

he M -s of Pyr on ACh channels recorded
kmr cel-ree patch (inside-out) were similar
bv 4M sAplication in the bath and within
he Psick iet (see Akaike et al.. 1984).

Whena gpachm seal was obtained by ap-
nfmicropipene containing ACh (300

#W and Phy (200 pu) at the perijunctional
AQ..iawc channel complex of the interosseal
gminde, a significant shortening of channel

It ewitiout aikeration in channel con-
domme was observed. At concentrations of
IW~200 jiM Piy wuduced the channel lifetime
krn 5 oc -to about 7.0 nisoc (holding po-
WW --60 to -100) aV), Pysostigniine de-

kcannd conductance from 25 PS con-
Wa to 20 pS during exposure to the drug.

F~ie4silimstheeifc of Phy (10 0 -200 mm)
mmzthe mewa open time of single ACht channel

,. It is clew that Phy shortened channel
lieive and. after 10- IS min of exposure to
the dhug the ftequency of channel opening
dausd silgaikautly.

3000 i 40 so to 90 30

FiG. 4. Histoqagms of single channel open fimae. Singl dod cen P -wn fticoftied in cell attached
Patches frmii pen~uactioaial ACh recepown of the aatenimhedanohteft.. The patch pipette contained
Ranuemsolution iconroli or drup. The mean channi alift om .u (roaoanto the slopc of the
rr-re~sion lines Ihown) winch weire determtaed for the Isono o( th bin ampktides. Mean lifevames
-eme Ur contro. I 1 .06 nmwc. for Ptmy. 3.39 mc. Holdin Potenim pet Were -60 to -804 Mv.
Btand~width - I Me.t
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INTRODUCTION

Understanding of the interactions of neurotransmitters with their reeptors leading
to channel activation, inactivation, and desensitizatim has greatly benefited from
the discovery of drugs and toxins which exert their znous upon specific receptors
and ion channels. The effects of drugs and toxins a the peripheral nicotinic
acetylcholine receptor (AChR) have been "horoughlty swdied and are the subject of
several recer.t reviews (I - 51. Binding of toxins to high anl low affiiniy sites on the
nicotinic AChR have been shown to result in ion c activation, voltage- and
t:mne-dependent blockade, or receptor desenstizauac (see reviews mentioned
above). It has been shown for a vari.ty of nonco eitive blockers (NCBs) (e.g.
neurotoxins, psychoactive agents and anti-AChE copunds see refs. 3, 4, 6), that
small changes in the chemical st'ucture of the ligaud uioimcuLe can alter the type
and magnitude of receptor antagonism produced by these age-ts. For instance,
HTX and its analogues are important tools for studying the processes which control
ionic fluxes through the AChR. HE2HTX enantiomei we•r also used to reveal that
the ion channel site lacks stereoselectivity, in contras to agonist sites, as disclosed
by anatoxin-a (71 and nicotine optical isomers [7. tj at perphteral and central
AChRs.

Another aspect of drug-receptor allosteric actess d4sdosed by ,CEs is their
significance in antidotal therapy against organ,;pl a . agests (OPs). Car-

273
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bamates and certain oxi.•es affect the &ucotinic AChR through actions on agonist
and aflosteric sites. Tlhe greeater relevance of these interactions to prophylaxis com-
pared to inhibition of AChE was revealed by the finding that (+) physostigmine
despite its very weak anti-AChE activity afforded significant protection to animals
exposed to lethal doses of OPQ. The importance of receptor and aLlostenc interac-
tions in OP antidotal therapy is further supported by the finding that ion chamel
blockers with free access to the CNS, e.g., mecamylamine and amantadine. greatly
enhanced the antidotal effica.y of carbamates. Appropriate combinations of
agents, selected by considering their various effects against distinct actions of OPs
and the intrinsic properties of AChR ard N-methyi-D.aspartate (NMDA) channels,
may enhance the effectiveness of therapeutic regimens (9-111. In addition,
nicotinic NCBs hive been used to reveal homology among other transmitter-gated
channels. H12HTX and PCP will be specifically addressed in txis study as the pro-
totypic drugs that have enabled us to delve into the molecular nature of the nicotinic
and glutamatergic CNS receptors.

Therefore, the fieid of study of NCB actions at nicotinic and glutamate receptors
is of such magnitude that we shall address just two very important points in this
chapter: (a) the molecular targets of action of carbamates and oximes and how these
agents may reverse the toxicity of OP compounds and (b) the molecular phar-
macology of the nicotinic and NMDA receptors in the central nervous system (CNS)
using prototypes of receptors located in brain stem and hippocampal neurons, and
retinal ganglion cells. Effects of agonists ACh, (+) anatoxin-a and NMDA are
described in addition to the actions of NCBs H1 ZHTX and PCP.

RESULTS AND DISCUSSION

Molecular targets of caroamates and oxime" implications for antidotal efficacy
against OP poisoning

Carbamates: agonistic and blocking actions at A C1R
In this study we have attempted to correlate the chemical reactivity of selected anti-
AChE compounds with their ability to directly alter the function of the nicotinic
AChR and thereby improve the reuromtscda transmission following OP poison.
ing. (-) Physostigmine and its (+) optical isomer are most interesting carbamates
for ihis study because both isomers affect the AChR and demonstrate antidotal ef-
ficacy. Neostigmine and pyridostigmine are carbamates which bear some structural
simila;ity to ACh, including a positively charged pmuaernary ammonium group.
Edrophonium is also similar to ACh and possesses a charged head at the nitrogen
atom, but is not a carbamate and also is less potent in inhibiting AChE than the
other two carbamates 1121. Lack of a carbamyl group is thought to account for
weaker anti-AChE activity and faster kinetcs because it precludes AChE car-
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banmylation. An appropriate interaction of the quaternary amine moiety should be

capable of opening channels through interaction with the anioni site of the AChR
as seen in the case of alkyi ammonium compounds 1131.

Agonistic behavior of carbamares Both enantiomrs of physosigmiae activated
channel openings, and a moderate degree of stereoseiecviry was observed bc.wrcn

them for the ACh recognition site of the muscle AChR. TU (-; .J. oer was found

to be approximately IC times less potent than the (-) fam of physostigmine for

the agonistic property in contrast to a 40-fold potency - for inhibidain of muscle

AChE (Table 1). In coatrast to the (-) isomer whti prduced may fast flickers

during the open state [141, (C+-) p.%ysostigmine-activated enrrents were square-wave

pulses with a mean channel ov,,. time of 5.2 msec at -140 mV vs 13 ms for ACh

and few flickers similar to those induced by ACh. Incrtng the concentrations of
(.÷-) physostigmine yielded shorter and well separated cmurents. indicating that this

car bamate produced a stable blockade of the open state ofi"e channds at the same
concentrations that caused acti'ation. The analysis of ±b open ims using the se-
quential model described later disclosed a reduction of the opez-sat= duration that
was linearly related to drug concentration. A gr~ad change in the voltage

dependence of the mean open ime: was ot,served upon imreasig drug concentra-

tion. thus fulfilling the model'; prediction.
Neostigmmte, pyridostigmnine and edrophonium exhibite very weMk or no agonist

activity at the nicotinic AChR of the adult frog muscle fiber (T.ibe I). The drug,

neostigmine (20- 100 ;&M) activated inward currents [111 which .appeared as bursts

of successive fst openings and clostures and had a sope conducmance of 32 pS, a

TABLE I
AChE inhibitory acoivity and agonist and anhagonist propeties of retasble .- ChE inhibiLtn at muscle

AChR

Drug AChE inhibition' Azonis WTe tNoacompesi:v'e

IC.0 (AM) auaM)goimsm' (,,M)

( P- Physoingmine" 4.3 0.5- 1.0 > -0

(.l Physosuimme 191 > 10 5

Neostigmne 0.7 > ZO 1,

Pyridostigmine S > > 200 2

Edrophonium II > to 2

SAChE &•s m-aauued fr(om the (rog sartoriis muscle homogetms mig Eilzmn's modified method.

The IC. 0 values were obtained from a ;og response curve of at mas fewdoses itnd three determnations

were made for each dose.

SConcentration necessary to elicit some activation (l -2 openings P ra etsol)k

SConcentration necessaty to decrease the channel open times of mt V0%.
SData extracted from ref. 14.
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value similar to that of ACh [151. Increasing neostigmine concentrations decreased
the mean channel cpen time and increased the number of "fast" (intraburst)
closures, suggesting that this drug may block its own channels in the open confor-
matiou. Pyridostigmine up to 200 AM was practically devoid of any agonist proper-

* ty. Edrophonium. at concentrations higher than 100 juM. produced some openings
which appeared noisier than currents activated by ACh. Also, such openings disap-
peared at hyperpolarized potentials and reappeared after a period of depolarization.
suggesting the occurrence of desensitization [I fl. Studies in cultured myotubes with
neostigmine 1161 and in myobalis with pyridostigmine [171 however, have showa

* significant agonistic properties for these drugs. It is possible that some developmen-
tal changes in the AChR [18 - 20) may be responsible for the occurrence of different
agonist sensitivities for these and-AChE agents.

Blockade of ACh-activated channels by carbamuare Channel blocking behavior at
the nicotinic receptor has previously been demonstrated at the ma-osecopic level fo;
pyridostigmine 211 and physostiginine [11, 141. At the single channel level, in con-
trast to ACh (0.4 ;M) alone. neostigmnine (0.1 -50 AM) in combination with ACh
in the patch pipette, produced well-defined bunts (see Fig. 2 in ref. 11 and Fig. 6
in ref. 22). There was no alteration of the single channel conductance by
neostigmine, and the open-state currents were interrupted by many brief flickers,

* suggesting blockade of the channel in its open state. The data were analyzed using
the -imple sequential model for open channel blockade of the nicotinic AChR
shown below:

k, k, D k3
nA + R AUR A.,R -4A

Sk._ 1  k._ D k-1

In this series of reactions, n represents the number of molecules, usually two, of A
(the agonist) that bind to R (AChR at resting state) to form AR (the agonist.
bound nonconducting state) which undergoes a conformational change to ABR*
(the conducting state). This state is likely to be blocked by D (the blocker) to form

SAnRD, a state with no conductance. This model states that the final closing of the
channel is achieved via opening of the blocked channels (14, 18, 23, 241. Analysis
of the open state showed progressive shortening of the duration of the openings
within a burm (open times) with increasing concentrations of neostigmine (Fig. I).
Whcn the drug concentration was increased, up to 50 gM, mean burst times (rb)

* were prolonged without altering the total open time per bumt.
Bursting-type activity in the presence of neostgmine generated total closed time

histograms with two distinct populations of shut times, a fast component correspon-
ding to the numerous brief intraburst closures and a slow component representing
the duration of the nonconducting states before channel opening (R and AlR). The
intraburst fast closures were interpreted as the duration of the channel blocked state
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(AnR*D). As it was pointed out before, according to the sequential model, the
AChR escapes from its blocked state only through blocked-open transition describ-
ed by the rate constant k _ 3. k - 3 values can be experimentaly determined from the
reciprocal of the mean blocked times (time constant of the fast component. rf). As
expected, if the binding site for the blocking agent is within the electric field of the
membrane, k3 as well as k - 3 each had exponential but opposite voltage dependen-
c cies. k - values decreasing with membrane hyperpolarization. In contrast to r., no
significant changes of rr values were observed with increased neostigmine concen-
tration, in agreement with the predictions of the model used. The values of k - 3
determined from the reciprocal of 'r, and its voltage sensitivity are shown in the in-
set of Figure 1 and Table II of ref. 22..

* Similarly, both pyridostigmine (Fig. 2) and edrophonium produced bursting-type
channel activity when present along with ACh in the patch pipette. Concentration-
and voltage-dependent shortening of the intraburst openings followed the predic-
tions of the sequential model up to 25 14M pyridastigmine (Fig. 2) and up to 50 A&M
edrophonium (not shown). Determination of k_3 from blocked times at various
holding potentials showed that compared to neostigmine and edrophoniuvm, the
unblocking rate was higher for pyridosdigmine. The apparent lower conductance
observed with high concentrations of pyridostigmine could be attributed to marked
shortening of the intrabur:t openings which became too brief to be recorded at a
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Fig. I. Voltage-dependent changes in mean channel open time under control condition (0). and in the
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Manu cand open times under co, od coadidn (0). and in tbe prsec of 2 Am (0). 10 PM (a) and
25 s (W P~rdoestirmie is shown asO the 1g side.

filter bandwidth of 3 kHz. For open channel blockade. the presence of a charged
head is sufficient for the inttractiogi with the ion channel site. and the additional
presence of a hydrogen bond does not enhance the blocking rate or further stabilize
the blocked state. Experimental support was given by edrophoniwn and neostigmine
studies. which provided similar k3. kt - and 7*0 values and voltage sensitivity for
both compoundse (see Table 2 of ref. 2).

At the macroscopic current level. blockade of the open conformnation did not
display clear stereospecificity with physosuglane isomers. nor has it with other
enantiomeric pairs which have been tested (25. 261. However, at the, elementary cut-
rent level. differences in the kinetics of the blocking reaction could be discern-ed.
(+) Physostigmine produced stable blockade so that bursts could no longer be
distinguished as such. On the other hand. (-) physostigmine induced bursts corn.
posed of very fast flickers that coudameroc be resolved at the rilterm• n bandwi&th
of the recording system. (t) PhhsoUigUWe whom applied togethea with ACh (0.4

AM) through the patch micropipette at e ocead r of ragop ng from I to S0 noM
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decreased channel open time (see Figs. 12 and 13 of ref. 22). The open time
histogram showed a sing!e exponential distribution with , shorter than that pro-
duced by ACh. as expected for a very slowly reversible open channel biockade. The
strong voltage-dependence of ro seen under control conditions was gradually reduc-
ed with increasing (+) physostigmine concentrations. The exponential but opposite
dependence of k3 on membrane potential (see Table 2 of ref. 22) compared to k., 2
accounted for the gradual loss of voltage dependence of ro observed as the concen-
tration of the blocker was increased. Indeed, at concemuaions higher than 50 04M
an inversion in the sign of the voltage dependence in relation to control condition
was seen. The sli'w unblocking reaction in the case of(+) physostigmine precluded

distinction of the blocked state from the other closed states and the calculation of
k -_ values.

Protection against OPs by carbamates: AChE inhibition VS AChR interactions

In vivo protection afforded by reversible A ChE inhibitors Comparative study of
the effectiveness of (+) anc (-) physostigmine. nunigmine or pyridostigmine
treatment prior to a sarin challenge (0.13 mg/kg, a dose producing 10007. lethality)
showed that (-) physostigmine was by far the ftos effective in preventing OP-
induced mortality £271. As seen in Table II, addition of neostigmine (0.2 mg/kg) to
the pretreatment regimen containing atropine (0.5 mg/kg) protected only 1207o of
the animals. Pyridostigminc, even at a higher dose of 0.8 mg/kg did not protect
more than 2807. of the rats. On the other hand. (-) pkysos•igmine at a dose of 0.1
mg/kg protected 10007. of the animals against owe lethal dose of satin. (÷)
Physostigmine (0.1 -0.5 mg/kg), though devoid of significant arti-AChE activity,
also afforded significant protection to animals exposed to a lethal dose of sarin
(Table II).

TABLE II
Potency of carbamates in protecting animals exposed to a lethal d of satin

Pretreatment regimen 3  Carbarnaze dose (rng/kg) Lcthalit!" Wt

None - 100
(-) physostigmine 0.1 0
(i÷) physoesismine 0.5 13
neostigmine 0.2 88
pyridostilmine 0.3 72

The pretreatment regimen contaned atropine 0.5 mgVkg and wag inmectd 30 mri prior to injection of

a lethal dose (0.13 mg/kg) of satin.
b For lethality records, the animals were observed for 24 h.
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The following conclusion emerge from the results on whole animal. electron
micrographic. and elecurophyswiogi studies:
(a) Reversible AChE inhitition by carbamates and related compounds'produced

various |eveds of mophologcal damage and whole animal toxicity. Mor-
phological alterations by either (+) or (-) physostigmine alone were minimal
and were not related to AChE-inhibition.

(b) The AChE hypothesis is weakened by the findings that neostigmine and
pyridostigmine (quatenary amines), which though producing similar AChE in-
hibition at concentrations used in our protection studies. caused a higher degree
of myopathy than (-) physosgmine..

(c) Carbamates are more effective antidotes when prophylactically applied. a-x
periments using equipotewt AChE-inhibitory doses (ICSO) of carbamates ex-
hibited differential antidotal efficacy against OPs, suggesting thereby the in-
volvemem of mechanisms other than through AChE system.

(d) Electrophysiological studies showed that all of the reversible AChE inhibitors
exhibit direct and multiple interactions with the nicotinic AChR. Comparative-
ly, among carbamates tested in our studies, (-) as well as (+) physostigmine
were most effective in reducing the endplate conductance.

(e) Although neostigmine, pyridostigsm and edrophonium acted as open chan-
nel blockers. they did aom decrease endplare conductance and also did not
change the frequecy of openings or total current per opening. These drugs in-
duced longer burss as €oenuvion increased.

(f) Assuming that beter pwt.,oa against OPs can be achieved by using effective
channel blacken of AChR. one can explaia the enhanuement of the prophylac-
tic potency when an open chanan blocker such as mecamyaamine or chlorisond-
amine was added to the (-) physostigmine regimen 191. In addition, these
ganglion blockers can pass the blood-brain barrier, ensuring. ,ter protection
at central nicotinic synapses.

(g) These findings strengthen the hypothesis that ACliR mechanibs play a signifi-
cant role in the antmaonism of toxicity of OP agents. A similar hypothesis can
be extended to oxime-OP -antosm as shown below.

Oximu$; activadon and inMbtion of A CM

Potentiation of AChR actvion by oimes
Oximes. especially 2-PAM. produced an excitatory effect at the macroscor level
revealed by increases in twitch tension and in the peak amplitude and decay time
constant of EPCs (281. Simi faciltatory effects were also suggested for 2-PAM
and obidoxime 129, 301 based on studies of EPPs aPd ACh4uced end-platz
depolarization. Although po. at postsynaptc mechanisms could underlie facila
tion [31. 321, presynaptic effects wee rued Mut because no chaarz in either MEPP
frequency or quantal release were observed. AChE inhibiiou was not ade*= to
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explain the facilitatory effects, since EPC ampfinzde and rMC were increased at
concentrations that had no anti-AChE activity. Singie ch-an surdies revealed an
alternative mechanism to explain the facilitatory effects cf the oximes [281. One of
the most striking effects observed with 2-PAM (10-200 gM) is a disrinzt
concentration-dependent increase in the frequency of burss acivated by ACh (0.4
)uM). This effect was more pronounced-with 2-PAM than with HI-6. The increase
in AChR activation produced by these drugs could have contribue-d to the facilita-
tion of amplitude of EPC and twitch, since all of ibe three effects also occurred at
a concentration range which had a minimal AChE-inhibizry effect. When 2-PAM
was added to the patch pipette solution at I and 5O pM along with ACh, the frequen-
cy curve was shifted to higher values whereas the sam slope was mntauined (see

* Fig. 16 of ref. 23).

2-PAM 50 PM * ACh 400 nM 4-4-0l 10A ACD 40 41lm

*~~~~4 1ThL4f-r~--

wu~g~ m rn

C', 10 msec

Fig. J. Samples ( .Chb-scivasd chnand cu'ars recor4" fima (1mg mode fiber at IO'C using ccl.-
atached coniguru•ion in the presence o( !.PAM and H4-4. Ie halidjg poeftal was - 165 mV A
the dao& wetre lItered ag 3 kHz.
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Kinetics of blockade of A CA-acsivated cannels
The nature and kinetics of AChR blockade were investigated at the single k•hannel
current level. 2-PAM (10 to 200 AM) and HI-6 (I to 50jdvM) when added to ACh
solution induced openings in bursts. Typical tracings of currents activated by ACh
in the presence of 2-PAM and HI-6 are shiwn in Fig. 3 (see also Figs. 7 and 8 of
ref. 28). The analysis of the channel opening xiineucs showed that both oximes caus-
ed a concentration- and voltage-dependen reduction of mean .,pen time (see Figs.
6. 10 and II and Table 3 ef ref. 28). Though less pronounced than the effects on
the individual in:raburst open times, the analysis showed that the total open time
in a burst (Le.. the total ion conducting period during the burst) (Fig. 14 of ref. 28)
and als', the burst times (see Table 4 of ref. 28) were decreased by the oximes in a
concentration- and voltage-dependem manner. This departure '-ome the sequential
model which was observed with moss doses of the oximes studied and at most of
the potentials tested was not seen with other blcking agents such as QX-22- (up
to 40 juM) which increased mean burs duration (231. Thus it becomes apparent that
alternate mechanisms are needed to explain the lneaic reactions of oximes with the
AChR.

The following alternate routes could be consideret (i) a cew stable conforma-
ticnal state can be reached either directly from the open (A.Ro) or from the block-
ed state (AaR D); (ih) the oximes alter the rate constants for channel closing (k - 2).
The first possibility predi,.ts that more than one blocked state should be identified
in the distribution of the closed intervals. However. our dosed time distributions

revealed two exponentials, one showing the distribution of the short intervals
(representing the blocked state) and anOCzer indicaing the long interval (represen-
ting the gaps between activation of different channels). The results obtained with
HI-6 disclose a single exponential distribution of the shot closed intervals (blocked
times) and their voltage dependence. If a stable blocked state exists it cannot be
clearly delineated from the long dosed intervals (Le.. the intervals between activa-
tion of individual channels). Our data may suggest but do not prove that thert is
a change in the channel dosing rate in the presence of oximes. Reduction in the total
open time per burst compared to control, as seen with the oximes, could be inter-
preted as an increase in k-.."

AChE-like and AChE-inhibitory effects of oximm
It is possible that the hydrolytic reaction reported between hydroxylamine and
acetylthiocholine can result in an AChE-type activity which can be extended to the
oximes 2-PAM and HI-6. At concentrations higher than 10 uM. 2-PAM and HI-6
interfered with the assay of AChE activity * hydrolyzing the substrate (acetyi.
thiocholine) themselves. In this respect. 2-PAM was 2 -,2.5 times more potent than
HI-6 (see Table I of ref. 28). The AChE-like reaction could occur between the
neurotransmiter and the oximes studied here. The implicatiom of this type of reac-
tion on the antidotal efficacy of oximes against OP are discussed below. On the
other hand. the oximes exhibited some inhibitor, effect on the AChE activity.
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Correlation of actions of oximes with their antidotal pa'tnc7
1. Specificity of oximes against OPs regardless of their AChE reactivation potency

(Table 111) Against tab un, we have observed that desplite very weak reactivation
of AChE activity (less than 5074), 2-PAM was able to produce complew recovery
of muscle function (twitch and tetanic tension). On the other hand. HI-6 (in
general a more potent antidote) failed to reverse the blockade of tetanic tension
after exposure to tabun. Furthermore, in these mascdes the level of AChE activity
after H1-6 was higher than that provided by 2-PAM. Sauin- and VX-induced
depression in muscle function was fully recovered by both 2PAM and HI-6. HI-
6 could recover 100076 of the enzyme activity inhibited by sain or VX but usually
20% of AChE activity was observed in soman- aud tabu-poisoned. muscles.

2. Signficanc: of an AChE-like reaction An AChE-like reaction reported be-
tween 2-PAM or HI-6 and acetylthiocholine (see Table I of ref. 28) could also
be predicted for the neurotransmitter ACh. Such reaction although of little
significance under normal conditions, could in fact play an important role under

TABLE Ill
Effecu of 2-PAM and I1-6 on the recovery of muscle tunctioa deprened by 1cthaA doses OP almens"

OP agent Condition Twitch tension Tceawn Tesamns AChE activity
and dos tension S0 H i
(),M) abAky

None control 100 100 tO0 100
Soman 15-min exposure 31 13 12 4

(0.2) 3-h wash 10t 56 1 7
2-PAM* 93 54 0 II
HI-6 106 64 to0 21

Tabun 15-main exposure 59 Is a 6
(0.4) 3-h wash 67 4Z 5 21

2-PAM 92 74 MOS 6
HI-6 136 53 2 21

VX 13-rmin exposure 33 1 0 4
(0.21) J-h wash .4 61 .19

2-PAM 75 96 99 "0
HI16 63 95 lOo t00

Sarin 13.-in exposure 57 15 I 4
(0.4) 3-h wash 83 106 to 317

2-PAM $I is a s0
HI16 76 96 % 100

Results are expressed as % of control values.
S*Muscles were treated with 2-PAM (0.1 mM) or HI-6 (0.1 mMA its I I aim U-Mis •xposre of OP

and removal of its excess.
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conditions of OP-poisoning where it would be beneficial to hydrolyze part of tric
excess ACh at the synaptic cleft.

3. Possible role of AChR activation in the =midotal efficacy of oximes 2-PAM
and to a lesser extent HI-6 induced an increase in the AChR-chaunel opening
probability, i.e., an excitatory action at the receptors. The increase in the channel
activation in the presence of oximes could be of significant value in reversing the
function of OP-poisoned end-plates towards normalcy especially in the late
stages of the OP poisoning where the desensitizing states of the nicotinic AChR
may be prevailing. Desensitization of the AChR in its various phases or types
could be caused not only by ACh accumulation but also by direct effects of OPs
on these receptors, or by both (331. In fact, recent biochemical evidence suggests
that diisopropyifluorophosphate could cause desensitization of the AChR
through binding to a site at the receptot which is different from the agonist-
recognition or high-affinity noncompetitive sites [341.

4. Reversible blockade of AChR-channels vs antidotal efficacy 2-PAM and HI-6
produce signific=a blockade of the channels activated by the neurotraasmitter.
The blockade of the open conformation occurs through a reversible reaction.
This action, combined with the property of the oximes to increase AChR activa-
tion, via mechanisms discussed above, may release sigpificant numbet of AChRs
from the desensitizing states.

5. Sludies with a no-omne agent favor the role of AChR in the antidotal ef-
fect Using a bispyridinium compound, SAD-128• we have been able to further
reinforce the AChR vs AChE hypothesis. The more striking feature of this com-
pound is that it does not carry an oxime moiety. SAD-128 has been reported to
be effective in protecting animals against somana poisoning (351. The dec-
trophysiological studies have shown a marked blockade of the channels activated
by ACh. Comparative analysis showed that SAD-128 produced a more stable
blocking state than HI-6 and induced long-lasting bursts, consequently a double
exponential decay of the EPCs elicited by nerve stimulation (361.

Properties of the A ChR in the peripheraW and cemtra nrvoaus system: actions of
(+) anato(xn-

(+) Anatoxin-a interaction with the periphend AchR
In the rectus abdominis contractte assay. (÷) fnaEoih-a is 110 times more potent
than carbamyrcholine. Comparison with ACh showed that after complete inhibition
of AChE with the irreversible ant-AChE agent diisopropyffluorophosphat. (÷)
anatoxin-a was 8 times more potent tham the natural trunsautter (371. These data
were in good agreement with the binding assays performed in Torpedo electric organ
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membranes by measuring the inhibition of the bindiag of radioactive a-BGT, a
specific probe for agonist recognition site at the nicotiic •a:R n37. (+) Anatoxino
a was 3-fold more potent in inhibiting (["Io]-BGT b:g than AChl which in-
dicated that the high agonistic potency of (4-) anatoxia-a seemed to result from its
high affinity for the ACh recognition site at the ACR. (see Fig. 3 and Table I of
ref. 37).

In addition, we determined the stereospecificity of the ACh recognition site in
relation to anatoxin-a enantiomers. (+) Anatoxin-a wn mote potent (> 150-fold)
than the (-) isomer [37]. Considering that the (-) :1=26-a sample could be con-
taminated to some very small degree with (+) anatoxioa. the difference!could be
even larger. This degree of stereospecificity is much higber than that shown by other
enantiomeric pairs of nicotinic agonists.

It has been reported that strong nicotinic agonists grftk enhance the binding of
probes such as [3HIH1zHTX to sites at the AChR ion lianneL These sites are
thought to be allosterically associated with the receptor gting process such that the
binding of the agonist to its site removes some barris tan increasing the rate of
[3 H]H1 2 {TtX association [38, 391. The relative rowencies of AC2. (+) and (--)
anatoxin-a in stimulating [JHH 12 HTX binding were i cdose agreement with their
putency in inhibiting the binding of [12 511a-BGT to the asonist recognition site

[371.

Kinetics of sin-(e channel c'rrents activated by (+) a ,mrin-a and analogues

(+) Anatoxin-a At the AChR of the neuromuscular spaipse, (+) anatoxin-a in.
duced channel openings at nanomolar concentration rip (see Fig. 8 of ref. 37).
The slope conductance of channels activat,.4l by (+) anacxin-a was similar to that
calculated for ACh, i.e. 30 pS. at 10*C. In comparism to ACh. the currents ac-
tivated by (+) anatoxin-a showed more frequent interrption by short closures of
the channels. These closures were neither concentratica a voltage dependent and
were interpreted as resulting from the transition betwem the agonist-bound closed
state and the open state. Due to the presence of these lk.m. the UMc of the open
times for (+) anatoxin-a was one-half of the mean bum times whereas for ACh
these two parameters differed only slightly. The bur--. e dct by (+) anatoxin-a
were significantly shorter than those activated by the remmraniniter, for example%
at - 90 mV holding potential, the values found were S ad 9 ms for (+) anatoxin-a
and ACh, respectively [37).

In addition, at 10-fold higher concentrations. (+) inoxin-a induced AChR
desensitization like ACh and other strong agonists (31. After an initial period of
simultaneous activation of many channels, typical clusnof chaune openings (40,
411 separated by long silent periods were recorded at hig h (I -3 gM)
of (4-) anatoxin-a. In the case of (4+) anatoxin-a, t of the shorter open and
burst duration the total cluster length was much shoter-, tha induced by desen-
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sitizing concentrations of ACh (8). No significant change in the single channel con-
ductance was seen at desensitizing doses of (+) anatoxin-a. Binding assays have
disclosed that although (+) anatoxin-a showed higher affinity than ACh for the
agonist recognition site, the onset of desensitization induced by this toxin was slower
than that produced by the neurotransmitter (371. Similar difference was observed
at lower concentrations of (+) anauoxin-a and ACh. The slower rate of desensitiza-
tion caused by (+) anatoxin-a may partly contribute to the greater potency of (+)
anatoxin-a over ACh seen in the contracture tension measurement. On the AChR
of the neuromuscular synapse, (+) anatoxin-& did not produce significant non-
competitive blockade of the AChR ion chamld.

ACh I phl (t) Aratoxin-a 1 PM

. I _,__.,.,_,,_.__,______,

i . . .

~Irmo

60 msec.

Fig. 4. Samples o( single channel cumr$s saiCssda by ACh ae (4.) masoitaxi- reioded (rMm rat fili
cultured hippocampal neurons us room temperatue • all cdd-auacled contalwurad. -4khll 011110-
tiane mtes. typical of immasurt tissue. ane apparew
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Properties of the central AChR: action of ACh and (+) anataxin-a
Similarity of the ion channels of the central and muscle ACRs determined from
H &HTX binding [421 suggested that (+) anatoxin-a and some of its azalogues may
be important pharmacological tools to characterize the subtypes of the CNS
nicotinic AChR. The identification of the AChR. in the cenmra! nervous system and
the analysis of the agonistic properties of ACh and (+) anatoxin-a were carried out
in neurons cultured from hippocampal and brain stein regions and on retinal
ganglion cells of fetal rats. In contrast to rather homogeneous and high density
distribution of glutamate [431 and GABA-activated receptors [441 on the soma
membrane, th= activity of AChiK was more likely to occur in the area close to the
axon hillock and apical dendrite. Most of the recordings were obtained from these
areas of the pyramidal cell-like neurons.

Both ACh and (+) anatoxin-a activated single channel currents in hippocampaL
neurons and retinal ganglion cells (Figs 4 and 5). Single chamne currents activated
by either agonist at concentrations ranging from 0.1 to S ,M were discernabLe using
cell attached or outside-out patch clamp recording configuration. Although, at this
concentration range, muscle AChRs usually show some desensitization with cluster-
ing of channel activation (l 11, this pattern was not observed at the CNS. Instead,
randomly occurring single channel events with occasional sep.-wise multple activa-
tions due to simultaneous opening of two or more channels were recorded.

As has been snown for nicotinic (181 and glutamate (45. 461 receptors inn tissue

Anatoxin (1/SM) I

Rettt~l gongs-on coots Hippocarnpw nRsr"s$

2 2

4- 
42-] )r a

.4 -

___________I_______

-I.-O9-60 .d -•0 0 20 '0 1iO -•O -120 -O -do 40o

MlYem'ne potoefial ( mv) Morofe pokeN,,m (env)

Fig. J. Cirrunt.voltagi relationship and slope conductance (fo chlianas acwae by ( *) uatoxin-t (I
OM) n fuat cultured po•itnaal retinil ganglion cells and hippocampual • in•. Redial •tua made at
room mrnem.rwUre using 3a oUtitdt-out configuraotio.

' i i I I I | I I I I I I I
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culture preparations and in preparations of chronically denervated muscle fibers
(471, multiple conductance stae could be discerned in some patches (Fig. 4; see also
Fig. I of ref. 7). The predominant population of nicotinic receptors found on
cultured brain stem neurons had a conductance of 20 p$ at 100C 17]. A similar pat-
tern of conductance distribution was observed in cultured myoballs [181. A 10"C
elevation of temperature increased th4 conductance by a factor of !.3 to 1.5, in
agreement with the Q10 values reported previously for muscle AChR 118). Currents
activated by both agonists were further analyzed in a subsequent series of et-
periments carrine out at room temperature (22- 23C) using the outside-out patch
configuration. Under these conditions it was possible to record both inward and
outward currents, and a slope conductance value of 40-45 pS was obtained for the
predominant population of single channel currents (Fig. 5). Cunsidering the Qo0
value of 1.3- 1.5. these currents appear to be closer to the 30 pS population than
to the dominant 20 pS currents recorded using cell-attached configuration. The con-
ductance was the same for (+) anatoxin-a-activated currents in hippocampal
neurons and rdtinal ganglion cells (Fig. 5).

RettnoI Wq 1sonqi cetis

Atnmotons 1ptM

o 2 4. 6 6 0 2 4. 6 6
Chanei "Of% tomiw (ms) ctborae ctose time fiMs)

Tj 0.5 me.r: •2.1 me

a so I'M@ ISO
chw'.wri bwUt t Imion*)

Fit. 6. Hiiiolrams vren er la o€ ed ad ba•us draims of chamws activued by (+) aftasola-4
ia rat cultured posta"a resislm jansw cdf. Recording was made at room iemonratuo usis "
ouuide-out icontigurauo. at a hoiding powrAa of - 65 mV. The c€wv in eacltaslopam reofrtms the

bell fit to the data Post Obsisi by maimar Mrmuioe.
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860 mV

-I20 mv

I I

25mS

Fig. 7. Samigles of single channel currents recorded from ra fe•id ce hippacanatpi neurons in
Presence of , -) anato,,n-a (I PM). Recording was made 311 room iSM e in as os•ride-o.: patch
at di~fferent holdie.0 potentials. and ihe data were fitleted at 2 kilt.



0

290

* For kinetic analysis in our first series of experiments using cell-attached patch
configuration at 10*C, the predominant population of 20 pS conductance currents
were used [7]. Whereas the ACh-acuvated currents showed only a few interruptions
during the open state of the channels (Fig. 4), the (+) anatoxin-a-induced channel
openings contained many flickers, giving rise to a double exponential distribution
of the closed times. This is in agreement with observations in muscle [371. Later ex-
periments carried out at room temperature (22-23"C) under outside-out patch-
clamp configuration revealed that the 40-45 pS currents in hippocampal neurons
had a mean open time of about 2 ms at - 80 inV, and mean flicker duration of ap-
proximately I ms. These results are very similar to those obtained in retinal ganglion
cells (Fig. 6). In both types of ceIls, the number of openings per burm was voltage

* dependent, the number of flickers increasing with hyperpolarization. This feature
is obvious in the sample recordings from the hippocampus shown in Fig. 7 and also
in the histograms of open, closed and bumn times from retinal ganglion cells plotted
in Fig. 6. While in the peripheral nicotinic receptors, the mean channel lifetime of
channels opened by ACh increased exponentially with hyperpolarization (Fig. 8).
the currents activated by (÷) anatoxis-a in the CNS (both hippocampal cells and
retinal ganglion cells) show a marked shortening at potentials from -80 to -120

u * • AOtOMM-O, ntl C* ÷ ) AIUtoAM-.. muSCle

• n20 m

U 2

.16 --, 0-Wm4 -4o 0 40 60 -1 -120 -so -40 0
Sero" epMiM (tmv$ MOmM-re ootomios (my)

* control
2 0 ).Anstoaim-4. 0.9 jLM

- 10*

-160 -120 -60 -40 0 40
i�upfep i. tmv)

•Fig. S. Relationsp bewo mes pewa= ial aP S tiMe oP t Ofg un cuhams raiwated by
(+) anatoxin-a in re hippocampal aoe. (top left. ovesidos.aa IMM* and frog nme fiber (top rgW
cell-attached). The bottom graph shows the relatim bawegs m!emr pots" and the time oeasma
of EPC decay recorded from frog sartrins muscles. Snle aulss fiUe push was doe* at 10C. what"
the other two wer dom at rooe temperum.

0.
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mV due to the presence of many fast flickers witain the burs at these potentials
(Figs. 7 and 8). The burst durations from retinal giaglion cc&ls were significantly
longer than the open times at -80 mV. such that longe burss might have 20- 30
flickers/burst, giving rise to the briefer openings a: hyperpolarized potentials than

• would have been expected considering the normal voltage-dependence of nicotinic
AChRs. It should be stated that these findings ae preliminary and must be con-
sidered qualitative until further work is done. Howeme. it is inuiguing that the plot
of the open times of channels activated by (+) anatwin-a resemble those of open
channel blockers at the peripheral AChR.. Also, both a-BGT and neuronal BGT
(BGT 3,1, x-BOGT. toxin F) failed to antagonize ACh-induced channel openings.

• These antagonists act predominantly at enciplate and ganglionic AChR, respective-
ly; thus their failure to antagonize nicotinic respones in the brain poirnts to the
presence of a further class of AChR in the CNS- This is an important observation
which requires further investigation with other oai mi agonists in the CNS.

A sample of a typical NCB which affects the peripbaera nicotinic AChR. causing
• open and closed channel blockade and descasmizatioe is PCP, which on the

nicotinic receptors of the CNS significantly reduced th retrr.ency of channe- open-
ings and shortened channel lifetime (Fig. 9). This effect sug"cas that at CNS

(1)AnTX (1jM) (i)AnTX I +M P P e(jCLM)

(+)Anrx(vOj&4) b PC? (lOjsM)

Me-Or it Pot e't oat - 70 mv 4"

50 MS

- Fig. 9. Samples 1 single channel currents activated by (1 -maiew-t is tow abu mt 2" Presece Of
PCP from rat cultured paitnatal retinal ganglion cells usimn amis..e- pa" cemigHrasmiea at toot
temperature. The data were tiliterd at k~lz.

• II I I I IIl0
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nicotinic receptors, PCP may have actions similar to those documented earlier in
the periphery (48, 491.

In summary, the agonistic behavior of ACh and (+) anatoxin-a observed in tissue
cultured hippocampal and retinal ganglion cells and antagonism by NCBs such as
PCP indicate that nicotinic receptors may have a significant role in CNS function

and may have some homology with the peripheral AChR. It may well turn out that
*D the foundation laid during years of study of agonists and antagonists of the

peripheral nicotinic AChR may provide the basis for parallel studies in the CNS.

Nicotinic NCsr on NMDA receptors in the CNs

*) The psychotrpic agent PCP has been shown to cause hallucinations and visual
disturbances, enhanced locomotor activity, disorientation, anxiety, and dissociative
anesthesia [501. In view of these extensive effects, the question arises as to what
mechanisms PCP affects in the CNS. Several hypotheses have been proposed to ex-

plain some of the psychopathological effects induced by PCP. Initially, it was sug-

gested that the effects of PC? are due to a blockade of potasum channels and

release of a variety of neurotrmnsmitters, such as dopamine. Evidence for this
hypothesis has been provided by reports tha PCP binds to and blocks potassium
channels in the rat CNS while its behaviorally inactive analogues do not 1511.
However, other reports have suggested that the effects of PCP are also related to
a blockade of NMDA receptors (52-54|.

p
Effects of PCP and I-pipenidinocyciohexnecw*onirile (PC) on NMDA-evoked
channel aczivity
Application of NMDA (1.5 to 250 ýM) to the external solution resulted in channel
openings of conductance states and properties similar to those previously described

* in the hippocampus (461 and cerebellum (451 (also see Fig. I in ref. 43). As expected,
the major component of the NMDA response consisted of high.conductance (ap.

proximately 40 pS) channel openings of variable duration which appeared either
singly or in bursts of several openings in rapid succession. These events were not
significantly affected when PCC. a behaviorally inactive analogue of PCP, was ap-
plied at concentrations of 10, 20, 100 and up to 220 pM. In contrast, application
of PCP (5 •d) to the same patch markedly reduced the frequency of open vcnts,
and also shortened the burst duration. The few remaining bursts usually consisted
of only a single opening. Application of additional PCP (10 /zM) led to a nearly
complete blockade of NMDA-induced openings. These effects of PCP were only
reversible several min after superfusion with drug-free solution. For instance, 40

P rmi were required for a partial recovery of the NMDA response. This recovery of
channel openings was associated with reappearance of the long-duration bursts, i.e.
bursts that last for over 10 ms. Immediate recovery was obtained when the memt-
brane potential was shifted from negative to positive valued. For instance, in the ea-

P
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ample shown in Fig. 10 the potential was changed from -70 to +60 mV, and the
frequency of channel openings and the channel lifetime reversed to a condition
similar to control. Similar results were obtained with m-amino-PCP, a behaviorally
active analogue of PCP.

S
NMOA (SM)

NMOA(S5M) PCP(C? O1 4)

p

Membrone potentiQt.-7OtmV

NMOA($SAM) + PCP (10LM)

pA

"Me'brane potential. t 6Omv

50 ms

F11. 10. Samples *( sinte cdamd currtnts activated by NMOA m t&e abusm mW presnce of PCP.
recorded from postnatal rat hippocampai ne'*onal culture us*as aMwaide-.os pak covfiguramion as
room temperature. Data were riltered at 3 kHL

p II I I II II I I III
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Effects of m-nitro-PCP on Mhe NMDA evoked channet activit.y
In contrast to FPC and rn-amnino-PCp, the effects obtained with the behaviorally
inactive analogues were more variable: while PCC did not alter the NMDA
responses (scc above), m-nitro-PCP markedly facilltated the NMDA responses by
increasing the frequency of NMDA-activated openings. As shown in Fig. 11. single
channel openings occurred at a higher rate in the presence of NMDA (5 AKM plus
m-nitro-PCP (10 ,'W) than in the presence of NMDA (5 jiM) alone. Otherwise, the
kinetic properties of these openings remained relatively unaffected by n-unito-PCP
and they cannot be distinguished from those present under control condition. The
facilitatory effects induced by rnnitro-PC3' reached a peak at 10 plM1, and subse-

* quently decreased at higher concentrations. At a concentration of 100 ;AM r-n-ara-
PC?, the frequency of openings decreased drastically and kinetic properties were
substantially affected as revealed by the appearance of longer intraburst closures
and the reduced burst durations. These effects of r-n-ura-PC? were quickly revers-

NMOA (S pjw6) NMOA(SjVM) + m-Nitro.PCP(Og100A)

NMOA(5pMt) . m.itr*-PCP (O.S oMNI MbiMOSAM1O ) 4. uM-16tce.PCP100%ji)

NMwOA CSodn) + MJMitra-PCP 100~4) t4MOA (5pio) after 5mmni wash

Memflrone potential. -70 MV

SOmon

F11. i i. Samola of sia*l hasmid cuffem activami 61 fMOA is the abs... and prinam of .adWre.
PCP. Rtecordila WUs misM fMRo rAC poWMam lapup oinsPi 0000110 a Usi M61 OUM9d4"UI Poach
co@0gu1giontu at room japm are. Note the fadfitaq offeft oil a i wA 10 pM M.UtSAr-PCP In
contrast to tie beociing effeat seat wkh 100 Ph o( thk *W&g
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* "ed upon superfusion with drug-free solution, such thai control conditions were
reached in less than 5 min, in contrast to over 30 min in all cases when PCP and
m-amino-rCP were tested.

The effects of PCP and m-nitro-PCP on NMDA responses were not only
restricted to the frequency of openings, but also included the duration of the single
channel currents. To provide a quantitative analysis of these Mulings, we have com-
puted the duration of NMDA-evoked single channel carrents. PCP at concentra-
tions over 2.5 j&M. reduced both the open time and the burst duration (see Fig. 5
in ref. 43). Burst duration was particulariy affected. with mst bursts lasting less
than 10 ms in the presence of PCP. The same figure also shows tIam both the open
time and the burst duration were apparently unakese by 10 ;UM m-nitro-PCP.

• The present results demonstrate that the behaviorally active and inactive
analogues of PCP can be distinguished by their effects on single channel currents
evoked by NMDA. Both PCP and its behaviorally active derivative rn-amino-PCP
at concentrations of 2- 10 $4M blocked NMDA currets by drastically reducing fre-
quency and duration of channel openings. In contmz. the behaviorally inactive

* analogue m-nitro-PCP displayed two distinct effects oa NMDA openings. At low
concentration (S -20 W4), m-nitro-PCP markedly increased the frequency of
NMDA-induced openings but had no effect on channel lifetime. At a higher concen-
tration (greater or equal to 100 y&M) m-nitro-PCP rcdcd both chanel lifetime and
frequency.

In addition, the blocking effects of PCP (see Fig. 2 of ref. 43) and m-nitro-PCP
5 were relieved at a positive potential, thus suggesting that both agents interact within

the ionic channel component of the NMDA receptor. Such a reversal of PCP effects
at positive potentials was also observed at the AChR ion channel at the
neuromuscular junction [481, where actions of PCP xan both closed and open con-
formations of the AChR were reported. The presem results lend support to the n,-

*} dion that PCP affects the open conformation of the LHUDA receptor. However, an
additional action of PCP on the closed channel state. as suggeszed for the nicotinic
AChR [481, cannot be r.aied out.

These findings have implications for understandin the functional organization
of the NMDA receptor. It is generally thought that PC? blocks ion currents from

* flowing by binding inside the open channel ma-omiecue and impeding the
transmembrane ion fluxes [56 - 581. It is unclear, owever, whether PCP regulates
channel permeability by allosteric mechanisms or by occiuding the channel and
preventing ionic conductance [56- 601. However, an open-channel mode! in which
the presence of the ligand molecule within the chanmd acrimes a physical impediment
to the ion fluxes cannot readily explain the facilitatogy effects observed with applica.

Stion of m-nitro-PCP. Instead this agent, which differ from PCP by a nitro group,
may bind inside the ion channel and lead to enhaa of activity through a con.
formational modification of the NMDA receptorin4mhavAc compkc. Perhaps, ni.
nitro-PCP can increase the affinity of the receptor Pw o lecule to NMDA.

I •
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The results obtained with PC? and its analogues help us to understacd not only
the functional modulation of the NMDA receptor but also- how changes in this
modr!ation may contribute to behavioral effe=-. The correlation found here be-

* tween the blockade of NMDA response and the behavioral effects of PCP analogues
is consistent with the notion that interference with the function of the NMDA recep-
tor contributes to some of the behavioral disturbances observed with PCP. Never-
theless, the correlation between blockade of NMDA receptors and the central effects
of PCP should be interpreted with great caution. It may be difficult to explain the
wide spectrum of effects of PC?, which in humans ranges from perceptual distur-
bances to dissociatue anestesia, by a single underlying electrophysiological
mechanism. It is more likely that PCP alters synaptic transmission mediated by a
variety of neurotansmiter systems. PCP has been shown to interact with nicotinic
and muscarinic receptors [49, 581 and to block potassium channels [511. Further-
more, as previously suggested 1511, the blockade of presynaptic potassium channels

*I could lead to an icraeased release of several neurotransmitters, including excitatory
amino acids (which can still activate the kainnte and quisqualate receptors in me
presence of PCP). Thus, an increase release of synaptir transmitters combined
with the antagonism of a variety of post-synaptic receptors may provide the
substrate for most of the effects of PC?.

HTX effect on NMDA reeptors in the CNS

HTX and some of its derivatives were first described as neurotoxins that block the
nicotinic AChR noncompetitively, increase the affinity of the neurotranmitter
(ACh) to its binding site and induce desensitization [4, 38, 621. The analogue

SH12HTX shares the same properties of HTX.
In recent years it was proposed that there is some homology between different

kinds of receptors [631. Based on this hypothesis, the effects of H12 HTX were
tested on the NMDA receptors in tissue cultured hippocampal neurons.

It was observed that the amplitude of the NMDA-activated currents was voltage
dependent, such that the amplitude of the currents increased with hyperpolarization
of the patch of membrane, and. characteristic of the NMDA response in neurons,
the bursts contained many flickers. In the presence of NMDA (5 -20 juM) plus
"H12HTX (10 AM) the frequency of opening appeared to be increased (Fig. 1s), an
effect similar to that described with m-nitro.PCP. At high concentrations of
H, 2 HTX (50 and 100 ,%) a decrease in frequency was observed. This finding sug-
gests that the H12HTX may have an activational or facilitatory effect when used at
low concentrations. The amplitude of the NMDA-activated currents was not altered
by H12HTX in the range of coacentration used (Fig. 12).

The mean life time of the NMDA activated channels was around 1.5 msec at a
holding potential of -70 mV. The life time was reduced when Hj 2 HTX (10- 100

WM) was added together with NMDA (Fig. 13). The reduction of the channel life



297

time was more pronounced as the concentration of wm s inceaed (50% and
7007a reduction with 50 and 100 ;JA H 12HTX, resmv•y).

The distributioa of the fast closed times (< 8 ms) d the NMDA-acuvared cur-
rents was fitted by a double exponential, the m,, d th fa= component being

NMOA (1SpM)

NMOA,(1St.,) + H1 2 HTX (MOdA)

NMOA(lS04) + H12HTX (Z.63gM)

- ITI

'a L....

25 ms

Fig. 12. Samples o( Single channel Currents activated by NMOAf abomam i mt op H,1HTX
riom rnt fetal hippocaimpal neuronal culture at room temp Piuo.Ulii g psm" was -30 mV and
the ouuide-out patch configuration was used. Data were fMterAU I ka.
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I NMOA lOutA H" HrX SOuM,
r, & O8O S Ms S0.35ms
r,: 0.96 ms r,:5.14 mS

0 2 A 6 0 0 2 4 6 a

Chommi clos%" time (ms4c)

NMOA lOgM Ht| HtX 50JLs
ts 1.7a ms ra~g9ms

0 2 4 6 S 0 2 4 6 a

ChnM. oae. times mse¢)

Fig. I. HiWsrams represemati the dLmu"do* times (keft) ad optie does (bMoM row) is the
presence of NMDA (kit) and NMDA pO Hth4TX (riglt). The number of events was normtliced.
Holdnig poteatial was -70 mY.

around 0.10 msec and the duration of the second component around 1 ms. In the
presence of H12HTX this distribution showed an additional long component (mean
around 6 rnsec) that was aot present with NMDA alone (Fig. 13). This new compo-
nent of the dosed time distibution could be regarded as a blocked state of the
NMDA receptor-ionic channel complex.

The appearance of this blocked state impaired the analysis of the burst duration.
but it appears that the bursts are prolonged by H1-HTX. due to the presence of
long blocked states inside the burstm but conserving the total open time per burst in
"accordance with the sequential model for open channel blockade.

Note added in proof We have observed that the anticonvulsant ages MK.801, a
noncompetitive antagonist thought to be very specific for NMDA-activated chan.
nels, was also a potent blockr of (+)-anma -a activated channels at peripheral
and even more so at ceatral synapses. These findings, together with those showing
that PCP and H12HTX interact similarly with nicoinic (see refs. 4 and 48) and



299

glutamatergic (see ref. 43) ion channels, are evidence for highly conseved chemical-
ly gated ion channels.
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CHAPTER 26

The role of carbamates and oximes in reversing
toxicity of organophosphors compounds:
a perspective into mechanisms

.X. ALBUQUJEIQUE M, M. AL)CONDON', 3.& , R AMuM', W &C ChTrA '.,
¶ • Y. ARACAVA" AND A. BiOSSz3

'Department of Pharmacolog and ExpenmeaMW Mhama Unwernty of Mary-
land School of Medicine. 655 W. Salnrooe Se. Rannewv. MD 21201. U.S.4:
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Filho'. Federal University of Rio de Janeir Ri. k JammuM do Fund.o-CEP
2194. Brazzi" and J Laboratory of Chemntry. Xmiewa lnsmue of Diabetes and
Digestive and Kidney Diseases. Bethesda. MD 2 U.S.A.

Introduedon

Carbamates and oximes have bees used succamkly in comiamaom with atropine in
the treatment of organophosphonus (OP)-poisg. Thg eeciveam of the reversi-
ble anticholinesterawe (anu.AChE) c•rbamases Ji be= wiumed to protection of
the enzyme from irreversible inhibition by OPs [4 Oz•ies sncb as pyridine-2-al-
doxime (2- PAM). simtilaly, have been thought to o thea, effectiveness to reactiva-
tion of phosphorylated acetylcholinesterase (ACE). However. recent evidence
indicates that carbamyiation and reaction of ACQE am inadequme to explain either
the anudotal effect of these .zompounds agma OPs or the aorphological and
functional alterations produced by carbamates at At newou.rcu junction (2-51.
The major findings regarding the carbamates aw nWowu
(1) Despite sinulantues in chemical structures. (-) and (,+y physos nigmni neos-
ugnune. pyridostigmpie and edrophonium exha large variations in their ther-
apeutic and toxic effects and their anudotal efficcy agains OP compounds.
(2) The natural (-)-physosugmine offered supeam protection against lethal doses
of OP in comparison to neostigmine or pyrndor, gmie 14
(31 Inclusion of mecamylamine (61 or amantadime (pubfished remits). which have
no sigruficant anti-AChE activity. markedly ad the effikacy of (-)-physos-
,igmine.
;4b The ( + ) optical isomer of ((- )physostigimni h mui lowe AChE inhibitory
ictivtv, yet was able to significantly protect ainm* txposAd to lethal doses of OP

, 1 Carbamates produced neuromuscular damage a diffem degrees in slow- an%!
fist-contractir muscles and showed a differemi pasern ai tecoveL of muscle and
nerve terminal morphology 15.S.91.
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Rcgardinu ,juzreS, recent studies (10.111 have revealed the following observations
that argue for the !mPortance of mechanisms other than reactivauon of AChE:
(1) Fuily recovered musc•e function can be observed in the absence of siguficant 0
reacuvatuon of AChE with muscles treated ,ith orins sUbsequent to exposure to
certain OPs.
(2) Marked specificity of HI-6 vs 2-PAM was sew against soman poisoning.
(3) Though HI-6 in general was more potent than 2-PAM in recovering muscle
function. 2-PAM but aot HI-6 was able to antagonme tabu's toxzc effects.
(4) SAD-128 (1.1'-oxybimethy eneduis-4.1-dimedtyt)pydiniui dachlonde). a
compound with no oxanme moiety and therefore devoid of dephosiphorylat.- ffect.
produced antagonism in soman poisoning (12t.
(5) Our study also revealed a sigmficant degree of chemical interaction of oxmmes
with the natural figand acetylcholine (ACh) and with AChE at the niconunc synapse
of the frog neuromuscular junction.

In view of then findiLp. decwooysiological studies, especially those utlizing
single channel recordings, have been carried oa. The results have disclosed alter.
ations of the postsynaptic AChR activauoa poxe by diect interactions of
carbamates and oxme. as well as OPs. with the AC1. macromokeule. Interactions
at agonist recognition sites (agonistc activity) aid at the ion channei component of
the AChR molecule (which reponds to various noncoipedtive biocken) were the
most frequenly found mechanisms. These dire• interactions must be taken into
account in explaining the anUdotal efficacy of carbamates and canmcs against OP.

Maceuishaad nweahe

Antnwbi
All cxpeiments except single channel studies wer conducted at room temperature
(21-23C) either on the sartonus muscle of Roam pipmu or on the diaphragm
muscle of Wistar rats (190-210 g). The physological solution for frog muscles had
the following compoition (in mM): NaC 116: KCI 2.0: CaCI, 1.8: NaIHPO, 1.3:
and NaHPO, 0.7. and was bubbled with.O. The bathing medium for mammalian
muscle had the followtng composition (in mM): NaC1 135: KCI 5.0; MgC1, I.0:
CaC.. 2.0: NaHCO, 15.0: Na.HPO4 1.0. and c 11.0. and was continuouly
aerated with 95% O% and 5% COb.

Tiwc rt.- dnp Twitch studies wer performed on frog sciauc nervee-saroonus
musc&e prepamrauons and on rat phremuc nerve-diapbrag muscle preMarations.
Muscles were indirectly stimuuuted at 0.2 Hz for sanonus and 0.1 Hz for diaphragm
preparatuon with supramaxiil squae-wave pulses of 0.1 ms duration applied to
the nerve v"a bipolar platinum electrodes. Using frog musts 4dier obtaitnng stable
responses. the oximes were added, and the recording continued for at ieast 30 rmin.
Thirty mun of frequent washing were allowed between sequcauia drug applications.
With diaphragm muscles, the rfeonses to single twitch ad tetamc (50 Hz) nere
stimulations were obtained in the presence of OP agents amd a subsequem exposote
to oxtmes 2-PAM or M-!1-6.

I I ll I I Il II I I ll
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Macroscopic endplate currents Membrane potentials. edplate potentials (EPPs),
and endplate currents (EPCs) were recorded from junctional regions ot surface
fibres of frog muscles, and the effects of oximcs were studied after a 30-mm
equilibration period. The recording of EPCs was done according to the method
described earlier [131.

Single channel recordings Patch clamp studies were performed at 10 *C on single
fibres isolated from interosseal and lumbricalis muscles of the longest toe of hind
legs from the frog Rana pipiens. The procedures for enzymatic dissociation of
muscle fibres, patch clamp recording and analysis of single channel data have been
described elsewhere (14-181.

Determination of AChE activity The enzyme activity in frog sartorius muscles alter
exposure to the oximes 2-PAM and HI-6 were determined using Ellman's colorimet-
-ic method (19). Because the oximes hydrolysed acetylthiocholine. appropriate

drug-blank tests were made (see details in Ref. 11).

Stahitical analysis

The data are expressed as mean ± S.EM. Wherever applicable. the two-tailed
Student's t test was used to deterrine significaLne between means.

Results and discussion

Reversible chohnesterase inhibitors: molecdAw targm and interactions

In this siudy we have attempted to correlate the chemical reactivity of selected
anti-AChE compounds with their ability to directly alter the function of the
nicotinic -%ChR and thereby improve the neuromuscular transmission following OP
poisoning. Physostignune is one of thl; most interesting carbamates for this study
because the (+) optical isomer has no significant anti-AChE activity, yet both
isomers affect the AChR and demonstrate antidotal efficacy. Neostigmine and
pyridostigmine are interesting carbamates becatse of their structural similarity to
ACh. includinr a positively charged quaternary ammonium group (Fig. 1).
Edrophonium is also similar to ACh and possesses a charged head at the nitrogen
atom. but is not a carbamnate and also is less potent in inhibiting AChE than the
other two carbamates (201. Lack of a carbamyl group is thought to account for
weaker anti-AChE activity and faster kinetics as it precludes AChE carbamylation.
In agreement with this view, a reduction of three orders of magnitude in anti-AChE
putO.ncy is seen with (- )-eseroline. a noncarbamate metabolite of (-)-physostig-
mine (211. An appropriate interaction of the qutaernary amine moiety should be
capable of opening ;hannels through interaction with the anionic site of the AChR
as seen in the case oi .dkyl ammonium compounds 122). However, in general, these
agonists have much lower potency than ACh. and they open channels with shorter
lifetim: as compared to the neurotransmitter 1221.

Neostigmine. edrophontum and pyrdostigmmne

Agonist property Neostigmine as well as pyrdostigmnine atid edrophonium ex-

hibited very weak or no igonist activity at the nicotinic AChR of the adult frog

SI I II II I I I I I IIIII N OI NI"II
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muscle fibre (Table 1). Neostigmine. ez at high micromolar concentratiuns.
elicited a low level of activation, and ti~s weak activation could preclude the
production of significant membrane dep alauation and consequent muscle contrac-

* tion. At negative holding potentials. aemugmine (20-100 ;&M) activated inward
currents (31 which appeared as bursts of inccessivc fast openings and closures and
had a slope conductance of 32 pS. a vahie siaular to that of ACh [141. Increasing
neostigniine concentrations decreased the mean channel open time and increased
the awumber of 'fast' (intraburst) closures. Neostigmine. as well as other AChE
inhibitors tested. blocked channels activated by ACit (see below) at a concentration
range lower than that necessary to tnduce ,Mpast activity. This suggested that at the

* concentrations used to unveil agonist ~acti-tit neastignine may block its own
channels in the open conformation. Hosve. as discussed later. the blockade
induced by concentrations of :ieostigrane biglzr than 100 pM no longer followed
the predictions of the model used for analysis sin=e the bursts were decreased in
duration.

Pyridostigxnine up to 200 AM was psacticaily devoid of any agonist property.
Edrophonium. at concentrations higber than 100 pMb. produced some openings

* which appeared noisier than currents activated by Ach. Also, such openings
disappeared at hyperpolarized potentials md resppeated after a peuiod of depolari-
zation, suggesting the occurrence of desenozation [31.

Studies in cultured myotubes with nenomgzine (231 and in myoballs with pyni-
dostigmnine (171 have shown significant "wistic properties. for these drugs. Some
developmental differences of nicotmnic ACh~s or a preferertWif activation of one of

* the various (at least three) populations or staes of ACliR with distinct conductance
and kinetics reported in cultured cells [24-261 were indicated. Some of the dif-
ferences in agonist potency also reflecto difference in preferred conformation.
correct distance and angle between the run main functional groups or dependence
on more subtle differences in solvatios.,im distribution, hydrophobicity. etc. of
the agonist molecule. Indeed. studies of rip and semirigid analogue have provided
evidence for more complex requirements 1wmsuccessful agonist-receptor interaction

* and activation of nicotinic AChR. Prelinismy results on the quaternary analogue of
anatoxin-a. N, N-dimethyl anatoxin-a. wbic is 1000Ofold less potent as an agonist
than (+ ).anatoxin-a [2711 demonstrated dtthe presence of a charged nitrogen
group or quaternization are not importan hi agonist potency.

Blockade of A Ch-activated chanrnels
Neosigmine In contrast to ACtS (0.4 piM) alone. neostigmine (0.1-50 uM) in

* ~combination with ACh in the patch pipem. produced well-defined bursts (Fig. 2).
There was no AIteration of the single chami conductanice by neostigznine. and the
open-state currents were interrupted by ay brief flickers, suggesting blockade of
the channel in its open state.

The data were analysed using the sie~i sequential model for open channel
blockade of the nicotinic ACISR shown hdm:

nA + R -f A.R - .. AR' .RO
k., k- Ok-,

In this series of reactions. nt represents the Iube of molecules, usually two, of A
(the agonist) that bind to R (AChR at rest~sra) to formn A.R (the agonist-bound
nonconducting stale) which Lu;6ergoes; an crnforinationai change to A.R* (the
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FIG 3 Voltage-depedent changes in mean de ope timeade control condition (0),

and in presence of 0.1 AM (o), 2 1&M (4. 10 pM (4)} 20 jim (U) and 50 jM (a) of
* iteostiguine are shown on the left. The relation bisween neosugtine concentration and mean

channel open time a - 125 mV (ft - 155 mV (&) and - S19 mV (e) are shown on the right.
The inset in B describes the rdation between Mere rate con•uants and the transmembrane
voltage.

(Fig. 3). When the drug concentration wu imctased. up to 50 IM, mean burst times
* (?b) were prolonged without altering the total open time per burst. The single

exponential distribution of open and burg tines observed under control conditions
was maintained with all of the concentrations tested, indicating the existec of only
one. open state. At -120 mV holding pauentiaL the me a open times (.ro) were
deceased from 11.5 ms (ACh 0.4 .iM) to IA us (ACh 0.4 pM plus neostigmine 10
p&M). The shortening of these intraburst openg was strongly voltage-dependent,

* such that hyperpolarization produced a &eam bockade of the ACh-activated
currents.

Linear concentration-dependence on te recaprocal of the mean channel open
time is predicted by the sequential model and is expressed in the first order equation
1/,ro - k.-2 + k3 [D]. Under control conditims. k. 2 (see inset of Fig. 3) %, and the
mean burst times ('b) of ACh-activated chnels disclosed a steep dependence on
voltage. reflecting the voltag dependec of the closing rate constant. In the

*presence of D, the voltage-dependence of r, depends upon the contribution of k -.2
and k•, which have opposing voltage i tivities, the latter amplified by the
concentration of D (ncostigmine or other blocker). Accordingly, a gradual loss of
the voltage dependence of r. observed undt ctrol conditions and even a reversal
of the sign of the slope were observed as th neotigmine concentration increased
(Fig. 3). A linear relationship baween I// and concentration of the blocking agent
at various holding potentials was observed ia the presence of neostigmine up to 50

I)
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TABLE 2 Blocking kisicsm of the reversble AChE ahiibitors it the ton chantiels activated
by ACt'

Drug k, k-4
(in$-,),M1 (aus' ) ()AM)

( ) b 0.015 about 4.0
(-i lPhsosi 1;n 0.015 (2n7

Neasugomne 0.0470165) 2.0 (79) 42.5 (501
F-droptomum 0.036(1901 271 (75) 37.5 (50)
Pyndasuginine 0.172 (92) L.4(85) 13.0(46)

h1Wawe umm woe atiawaid by ACh (0.4 usM) im theprsemom at c~bstaimm. Data obtainedl at holding;
POeatneiot - 125 iSV.

F rom Showt a&L (III& k, valuie wa etidaiimied from 8I'C dama
'(4.).f~upbmu produced -eY stable blockade, thm Pnmum the dactumiauiom b"etwat the

blocked siame and oher domed stat&
'Numbesm t a pambeth ane the voltag vanaamam tinY) siat pcjdw u @4o16 ch~age.

p&M (Fig. 31. Fromt the slopes of these linear plots obtained for various holding
potentials. the forward blocking rate k.. was calculated and its voltage dependence
was deternained (inset of Fig. 3 and Table 2). Above S0 ;&M concentration, the
(Wnarit was no longe observed and rs, instead of being increased, became shorter.
departing twom the predictions of the sequential modeL

Bunsting-type activity generated total closed time histograms with two distinct
populations of shut times, a fast component corresponding to the numerous brief
intraburst lowsues and a slow component represeting the duration of the noncon-
duacting stases heforP dhannel opening (R and AR). The intraburst fast closares
were inowgiteted as the duration of the channel blocked state (A.R* W. As was
pointed ouw befoe. aawoseing to the sequential model. the ACIIR escapes from its
blocked -ta only thunugh blacked-open transition described by the rate constant
kc - 1. Valuaes of k -, can be experimentally determined from the reciprocal of the
meat blockd times (dime constant of the fasn component. rr). As expected if the
binding sie for blocking atgent is within the electmi field of the membrane. k, as
well as k.., eac had exponential but opposite voltage dependencies. k, I values
decreasing with membrane hypespl si *ion in contrast to T'. no signifiant
change of rf values was observed with increased neosuginie cocnrtoin
agreement with the predictions of the model used. The values of &..-, determined
from the recgiprcal of rt, and its voltage sensitivity are shown in the inset of Fig. 3
and Table Z.

&bepkiimiiiii and pyndwngmm ou Boh of the drugs produced bursting-type
channel activity similar to neosugamn wien present along with Ach in the patch
pipette (Ftgs. 4 and 51. Concentration- and voltage-dependent shortening of the
intraburst opewmap followed the predictions of the sequential model up to 25 pM
pyndostipume and up to 50 1&M edrophonium (P~ip. 4. 5). Detetmination of k -I
from blocked times at various holding potentials showed that compared to neos-
tiginine And edrophoiniam. the unblocking rate was higher for pyndosigriune. The
lower conductance observed with high concentrations of pyndosugmine =nd
edrophoniuau could be 2tuributed to marked shortening of the intraburst openings
which bea~me too brief to be recorded at a filter bandwidth of 3 kHL For open
channel blockade, the presence of a charged head is sufficient for the interaction
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FIG 4 Samples of ACh-activated chn" cinws in the presence of different concentra-
tions of pyridosuigmine are shown on dhe ldt. The vitW dependence of mean channel open
times under control condition (o). and ia s of 2 ItM (*)ý 10 jAM (A) and 25 # M (A) of
pyridostigmine is shown on the right.

with the ion channel site, and the aMd -ial presnce of a hydrogen bond does not
enhance the blocking rate or further stabilize the blocked state. Experimental
support was gven by edrophonium aiW nosigmnie tudies, which provided similar
k), k- 3 and Kd values and votage s iiy for bodt compounds (Table 2).

) (4-+ ).os (-)-Physostigmine

Agonist propenv Both enantiomers of physostigmiane activated channel openings.
and a moderate degree of stereoselectivity was observed between them for the ACh
recognition site of the muscle AChL. The (4+) isomer was found to be approxi-
mately 10-tunes less potent than the (-) form of physostigmine for the agonistic

*property in contrast to a 40-fold poency ratio Wo in•ibition of muscle AChE (Table
1). In contrast to the (-) isomer which prduces wany fast flickers during the open
state (18L, (+)-physostigmine-actvated corenhs were square-wave pulses with few
flickers similar to those induced by ACQ. However, the mean channel open time was
much shorter than that of channels aesi -sI by ACI. At -140 mV holding
potential, mean channel open time was 5.2 ms for (+)-physostigmine (10 uM) and
13 ms for ACh (0.4 pM)-activated chanaek. lanmsiag the concentrations of the
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FIG 5 SaMles of ACz-acMua d ad channel currents in the prewe Of di/ffreat cOOem.
tions of •edW mlmII rare shown on the left. 1%e VO•lW dqeXpnM of me"a channl OpMe
umes uader cCMual condito (ft and in PlPmMC of I AM (0) 5 JIM (Ai, 20 AM (A) and 50

(M () &ePom m shast on the ritu

(4+yphYsominM Yielded shao and wed separated curments indicating that this
carbimauw pmodfce a subtle blockade of the open sua o( the channeis at the same
.. :cernirataos t caused aMvM The analYss0o the open =i4e1 Using 'he
sequential model d bed earlier disclosed a reduction o0 the open-state duration
that was linearly reiamed to drug coioemraloion. A raduaciange in the voltag
depende o the mean open times was obmsve upon trmgsg drus concetra-
tion. thus fulfilling the model's prediction.

8lockade i• 4AChw.cns chwu cwrmn At the mcosWi current teveL.
blockade of the open confornmaon did not display clear stemospec•d•iciy with
physosgine isomers. nar has it with other enanaioneric pairs which have been
tested (30.311. However. as the elementary current level, differene in the kinetics of
the blocking reacuo could be discerned. ( +)-Pbysosigmua produced stable block-
ade so that bursts could no longer be distinguished as such. On the other hand.
(- )-physosisgmune induced burts co•posed of very fast flickers that could not be
well resolved at the filtentg bandwidth ',he recording system. (+ ).Physosug•u14
when applied together with ACh (0.4 AM) through the patch micropipette It
concentrations ranging from I to 50 si decreased channel open time (Ftig. 6). The
open time histogram showed a stigle exponential diswbuion w•th ir shorter tha
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FIG 6 Samples of ACh-activated channel cuwrents in the presence of (+ )-physostigmine.

that produced by ACh. as expected for a vey slowly reversible open channel
blockade. The strong voltagedependence of T. sem under control conditions was
gradually reduced with increasing (+)-physossigminc concentrations. The exponen.
tial but opposite dependence of k3 on membrane potential (Table 2) compared to
k- , accounted for the gradual loss of voltage dependence of ir observed as the
concentration of the blocker was increased. Indeed, at concentrations higher than 50
I&M an inversion in the sign of the voltage dependence in relation to control
condition was seen. The slow unblocking reaction in the case of (+)-physostigmine
precluded distinction of the blocked state from the other closed states and the
calculation of k- 3 values.

The reversible cholinesterase inhibitors used in this study exhibited a varying
degree of agonistic and blocking properties at the AChR without affecting single
channel conductance. Among these drugs. (-)-physostigmine showed the greatest
agonistic potency, pyridostigmine had the highest blocking rate, and (+)-physos.
tigmine had the lowest unblocking rate (Tables 1 and 2).

I
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Pratection uagmon OPS. .4ChtE mbitbee us ACJR saerucswns

/I vivo prsmectt•o alforded by reuenzble ACAC i•.Ailtur
Comparauve study of the effecuveness of ( + %- and (- )-physosutaune. neost!gnune
or pyridosugnune treatment pior to a satin chfadenge (0.13 mg,/kg. a dose produc.
ing 100% lethality) showed that %,- )-physostignrne was by Iar the most effective in
preventing OP-induced mortality f4j. As seen in Table 3. addition of neosugmnine
(0.2 mg/kj to the pretreatment regimen containing atropine (0.5 mg/kg) protected
only 12% of the animals. PyrtdosugmeM even at a higher dose of 0.8 mg/kg did not
protect more than 28% of the rats. On the other hand. (- )-physostigmne at a dose
of 0.1 mgjkg protected 100% of the anumals against one letha dose of sann.
(-, )-Physosutgmue (0.1-4-5 mg/kg). though devoid of sgni•cant anu-AChE activ.
ity. also afforded significant protection to animals exposed to a lethal dose of sann
as seen in Table 3.

We tested whether the addition of a ganglionic blocker such as mecamylamane
and chlonsondamnne (61 to the pretreatment regime with (-)-physosttgrtne (0.1
mg/kg) and atropine (0.5 mg/kg) would afford extra protection to rats exposed to
multiple letha" doses of VX (0.05 mg/kg; LD,09 - 0.015 mg/kg). The gaagliomc
and muscannic blockers alone did not protect the animals (data not shown) On the
other hand. coadnunistration of (-)-physosu gmne and ganglion blocking agents
prior to VX exposurem protected all the animals (Table 4). It should be noted that
mecamyfamine. at the muscle mcotinic AChR. acts as a noncompetitive drug,
blocking the ion channels in the open conformation [32). Preliminary rests with
another open channel blocker with free accesu to the central nerous system
reinforced the findings with mecamylammne. Amantadine. an antiviral agent used
clinically to refieve the symptoms eA Parkinson's disease, significantly potentiated
(.- )-physos'iganne's actions aga OP lehad effect (see Table 4: Deshpaadc and
Albuquerque. unpublished resultsL Therefore. atagonism at agonist recetorM and
ion channel sites, yielding a reduction of nicotinc hyperacuvation. seems to play an
important role in the effectiveness of a propWylctic drug regimen against OPs.

P.-otement by cabomnerw apitsr rq'epwhkc danmg induced by sann
Exposure of the animals to carbamates alone produces myopaslic lesmons which
differ in featmu and degree depending on which carbamate is applied. Among the
carbamateL (-)-ph•ywgm and espeCally its (+) isomer induced the last

TABLE] Potency ofcarbamata in protecting anas exposd to a lethal dam ofram

Pretreaument Caarbauate dos Lutalwity '
regmen" (mg/kgI

None 100
0- -P t atift G.1 0

(.-Pv)- s.IVee 0.5 13
Neosugmais 0.2 88
Pydosugune 0.8 72

1The pmecoemm PVmig awmweil sP• 0.5 ml/ kg a"W was 10,j04d 30 MW pie to 4m .W 4
iethai dam 0.13 mxq/ip ai Low

For ieatlivdt si • he aiahe mii wat5 .beslmi (ot .4 I.

//
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TABLE 4 Potentiation of the protection in rats agad by -)H-pYsauzim by inclusion
of open channel blockers
Pretreatmnen Or* Lethaliy

regimen and dose (mg/kg) (Mq/tg (%)
Sami C
(-)-Physostignine 0.1 0.13 4
(-)-Physostigmine 0.1 0.6z 100
(- )-Physostigmine 0.1

+ mecamylamme 8.0 0-65 56
VXt
(-)-Physoisagmue 0.1 0.05 50
(- )-Physostigmine 0.1

+ mecamylamine 4.0 0A05 0
(- )-Physostigmiae 0.1

+ chlorsondamine 2.0 O.S 0
Tabun "
(- )-Physostigmine 4 0.1 0. 50
Amaniadine 20.0 0.6 100
(-)-Physotigmine 0.1

+ amantadine 20.0 0A 17

Without any pretreatmessL sahs. VX and mabun at all A dm pdm w 0 les khaulity.

b The lethality was based on 24-h obsemvation in at lem 6 am pra poup.

'Pretreatment drup were admiaistered i.ra. 30 min pi is ma laemus itjectio of OP aSents. For
Samj and VX. the pretreatment regnimen also incuded 0.5 ssb aropta.
4 In rats receiving tabua. atropine (5 mg/kg) was tnjamed OaJ immediately after the injection of OP
agemn T"Is dose of atropine lone did not protect the as.

damage to the neuromuscular junction. After 1-h exposure of the animals to
(+)-physostigmine (0.3 mg/kg), the profiles d * oI soalm Muscte endplates
examined looked intact (see Fig. 2 from Re. U. (-)-Physosuigmine (0.1 mg/kg)
induced irregularities of the subjunctional sarcmose band patterns as well as of the
junctional contour space in 25% of the endplam camined (see Fig. 3 from Re(. 5).

Neostigmine and pyridostigmine were most swm amd man ineffective in protect-
ing animals against OP poisoning. For t..ampk cironic applications of pyridos-
tigmine induced alterations similar to those IeId by a single. large dose of an
irreversible anti-AChE agent such as sarin [8]. t vuro expaimneuss showed that, in
comparison to (- )-physostigmine. exposure of Ae muscles to neostigmine with or
without nerve stimulation (i.e. spontaneous or cssAu. ACh release), produced much
greater myopathic alterations as disclosed by I# ad electron microscopic analysis
191.

Whereas a sublethal dose (0.08 mg/kg) of sai produced a severe and extensive
loss of band pattern. vacuolation and superw tere of the sWbjunctional area.
damage to numerous fibers and infiltration of O ccrtm the nmuscies from rats
pretreated with (- )-physostigmine and injected vi& a le dose (0.13 mg/kg) of
satin showed a dramatic reduction in the seveny md the exteut of postjunctional
damage. Although higher doses of (+ )-physo were necessay, the EM and
morphometric data showed that the degree of protection afforded by (+)-physos.
tigmine was similar to that observed with (- y16ysasuigmiae.
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Correlation of in otio aad in otro toxiale wV h *VA nWe UMf of interactons with A CIR
aznd their relevance to the antr.•oia efficacy
The following conclusions emerge from the resuLu on whole animal. electron
micrographic. and elcuroplhysologicai studies.

(1) Reversible AChE inhibition by carbamates and related compounds produced
various levels of morphological damage and whole animal toxicity. Morphological
alterations by ether (+ )- or (- )-physostigmne alone were minimal and were not
related to AChE inhibition.

(2) The AChE hypothesis is weakened by the ruldings that neostigmane and
pyndosutpne (quatemnary amnesL, which though producing similar AChE inhibi.
tion at concentrations used in our protection studies. caused a higher degree of
myopathy than (- )-physosupgine. Th' effect of excessive cholinergic hyperacuiva.
tion induced by AChE inhibition at nicoticm synapses is most likely counteracted
by mechanusms involving blockade of AChD conductance by carbamates.

(3) Carbamaes are more effective antidotes when prophylacaially applied. Expert.
ments using eqipomeat AChE-inhibitory doses (ICw) of carbamnates exhibited
diffemr al antidotal efficacy against OPs. suggesting the involvement of mecha.
nisms other than through AChE system.

(4) Elecuophysiological studies showed that all of the everble AChE inhibitor
exhibit direct and multiple intemctons with the niumnic AChR. Comparaivdy,
among carbamases tested in out studies. (-)- as wed as (+)-pHysostigmine wer
most effective in reducing the endpiate conductance as shown by the dnUm c
reductios of the EPC peak amplitude and shrnening of EPC decay time constant.
Mechanisms involving various sites on the pousynapac AChR may also contibute
to this reduction. Significant inteaction of (-)-pkysosigmime with the agonist
recognition site, as indicated by its ability to act as an agonist combined with its
powefu capability to block channels activated by the aeurouransmitter are mecha-
nisms responsble for the reduced toxicity and high protection offered against OPL
Furthermome he additional reduction in endplate conductamot can be afforded by
AChR desensitiza6on.

(5) Although nsu ,ac. pyndosgmgune.. and edrophommin acted as opn channel
blockers thdy did not dceamai endplate conduc;ance as disclosed by the lack of
change in fruaqecy at opemanp and total current per opening. These drup induced
longer bsur as concmmoraum increnad.

(6) Assuming that better protection against OPs can be achieved by using effective
channel blockers of AChR. one can explain the enhancement of the prophylactc
potency when an open channel blocker such as meamylanune or chlonsondaimnc
was added io the (-)-physosugsme regimen (61. In addition, these pgagihoi
blockers can pas the blood-brain barier. ensuring better protection at central
nicotinuc Synapses.

(7) These findings strengthen the hypothesis that AChR mechanisms piay a signifi-
cant role in the antagonism of toxicity of OP agents. A similar hypothesis can be
extended to oxime-OP antagonism as shown below.



Oximes: activation and inhibition of A ChR

Increase in A ChR activation
O.imes. especially 2-PAM. produced an excitasory effect at the macroscopic level
revealed by increases in twitch tension and in the peak amplitude and decay time
constant of EPCs. Similar facilitatory effects were also suggested by others for
2-PAM and for obidoxime [33.341 based on studies on EPPs and ACh-induced
endplate depolarization. Although pre- or postsyn• :ic mechanisms could underlie
facilitation (35.36J, presynaptic effects were nraed out because no changes in either
MEPP frequency or quantal release were obser•ed. AChE inhibition was not
adequate to explain the facilitatory effects. Srce EPC amplitude and i"EPC were
increased at concentrations that had no anti-AChkE activity. Singlie channel studies
revealed an alternative mechanism to explain u fathetatory effects of the oximes
[11). One of the most striking effects observed with 2-.PAM (10-200 JIM) is a
distinct concentration-dependent increase in the frequency of bursts activated by
ACh (0.4 AM). This effect was more pronounced with 2-PAM than with HI-6. The
increase in AChR activation produced by thee drmgs could have contributed to the
facilitation of amplitude of EPC and twitch, since all of the three effects also
occurred at a concentration range which had a ninimal AChE-inhibitory effect.

To study tme nature of the increase in the burst activation produced by the
oximes. and determine whether or not it ws related to an alteration in the
desensitization process, single channel currewi we reclrded for a long time at a
fixed pipette potential after establishing the seals. Under control conditions using
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FIG 7 Effect of 2-PAM on the frequency of ACI-acbvated chanad currents. Each point
represents the mean number of bursts per min (r*ubas every 3 mina as recorded from 3
fibres in each case. Control (o) and 1 tam (&) mWd 0 #& (0) of 2-PAM are shown. Holding
potentials of all patches included here range froas -150 to - 160 mV.
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0.4 AM ACh in the patch pipette, the frequency of bursts declined during the
40-run observation period (Fig. 7) which indicated the occurrence of a slow
descnstuzation of the AChRs. When 2-PAM was 'dded to the pipette at I and 50
gM along with ACh. the frequency curve was shifted to higner values whereas the
same slope was maintained (Fig. 7). Since plots of frequency for control and drug
were shown to be roughly parallel (Fig. r). the effecus of the drug on frequency
appear to be time-independent. The increase in frequency was also observed in
patches where a higher ACh concertration (4 gM instead of 400 nM) was tested.

Earlier electrophysiotogical data have identified the existeme of a desensitization
process which reportedly occurred on a millisecond time-scale (371. However. the
occurrertce of a fast dese iUzation step would be easily mused in single channel
recordings. which usually are done as least 30 s after achieving the gigaohm seal.
Therefore. the recording obtained in the presence of low concentrations of ACh
alone may represent the activity of receptors which escaped a fast desensituzation
action of the agonist. The increased channel activity observed in the presence of the
oximes. could therefore be attributed to the ability of these compounds to arrest fast
component of desensitization (ms time-scaleL On the other hand. the frequency
pattern in the presence of 2-PAM showed a slow decline from the intial higher level
with a rate simiar to that seen under control conditions. This vouLd imply that the
2-PAM was unable to prevent the slow desensitization occurring on a minute
tune-scale.

lnhiitoly awns of oxmes

Kinetics o biockade of cianus nactmed by AC) The nature and kinetcs of AChR
blockade were investigate-d at the single channel current level. 2-PAM (10 to 200
,%M) and HI-6 (1 to 50 mIM) when added to ACh solution induced openings in
bursts. Typtica tracings of currents activated by ACh in the presence of 2-PAM and
HI-6 are shown in Fig. S. Unlike that seen in the control condition, the noise level
dun•dal the ope state appeared broader than during the closed state in the presence
of 2-PAM. Flickering of open channels presumably due to very fast blocking and 4
unblocking reactions has conut-buted to this phenomenon. The inadequate recording
and digi:Lzation of the very fast events during a burst were also responsible for an
apparent de,' r=az in the single channel conductance observed with higher con-
centrations (> 100 1&M) of 2-PAM or HI-6.

The analysis of the channel opening kinetics showed that both our.es caused a
concentratto. an voltage-dependent reduction of mean open time. At low con-
centrations. the blocking effects o4 the oximes were only observed at holding
potentials more negative than -1 00 mV while at the highest concentratton used the
effect was seen even a& less negative potewtials such at -7 mV. The decrease itn
mtean channel open time was brought about by increased flickeuing during the open
state and was dependent on drug concentrauton and voltage. However. higher
concentrauons of the oximes. particularly HI-6 tended to decrease the number of
flickers at very negauve potemtials in assoctaut with shortening of the burst
duration.

The histograms of the channel open times showed a single exponential distmbu-
tion in the presence of oximes. The relationship between the concentration of the
oximes and the reciprocal of mean open time was fr nd to be linear i Fig. 4).
However. at higher concentrations of 2-PAIM 1200 gMI. tus linearity was no longer
observed. 4

4
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FIG 10 Intraburst closed time histograms of channels activated by ACh in the presence of
50 gM of HI-6 at - 143 (A. 1031 events), - 163 (B. 1023 events) and - 183 (C. 824 events)
mV holding potential from a single fibre. The mean channel closed time as determined from
the fit of the distribution to a single exponential function (correlation > 0.97) is: 0.221 (A).
0.454 (B) and 0.538 (C) ms.

tignine (18] and QX-222 (281, the channel open time was reduced with a slightly
greater voltage sensitivity so that the k3 values changed an e-fold per 52 mV and 40
mV for 2-PAM and HI-6. respectively. The voltage sensitivity of k, for the oximes
was also greater when compared to that seen with other carbamates (see Table 2).

Analysis of the distributions of closed intervals obtained under control condition
and in the presence of the two oximes revealed that they were best fitted by the sum
of two exponential functions. As illustrated in Fig. 10. the numerous fast closed *
times showed only a single exponential distribution. The fit to an exponential
function provided a mean of about 130 )is in the case of 2-PAM. and it was neither
concentration- nor potential-dependent. In the case of HI-6. the mean fast closed
intervals increased in duration with hyperpolarization of the patched membrane
(Fig. 10) and it was concentration independent at a range of 2.5 to 25 AM. The
backward rate constant. k-3, for the blocking reaction of 2-PAM and HI-6 (up to
25 jiM) is given in Table 5.

From values and voltage dependence of k3 and k- 3, one can calculate the
equilibrium dissociation constant (Kd) and estimate the affinity and the location of
the binding site. As shown in Table 5. compared to AChE inhibitors such as
neostigrne and edrophonium (31 and the local anesthetic QX-222 [281. high Kd
values were obtained for these oximes (rmillimolar for 2-PAM and hundreds of

0
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TABLE 5 Channel blocking kinetics by omaB

Holding 2-PAM HI-6
Potential k,........k. k-- K,

(mV) (s-1 M-1 (s-1 (M (s'1 M- (s=' (M
10') 10 J) to'") 10') 10) -3)

-120 4.013 4 7.75 1.0987 14.494 7 .1 4 b 0.499
- 140 5.910 7.75 1.270 23.97 5.00 0.204
- 160 8.705 7.75 0370 39.63 3.59 0.091

I 1/slope (mV) 52t - 52 40 58 24

k, values calcuLAted from the slope ot lRacwr "*sia plot of" drg conentration vs reciprocal of
mean open time.
b k -, was caicutlaed from the reciprocal of pooll -ewlast ckad ktate•val obLaLied at all membrane

pKtentials and at all concentrations in the case of 2-PAM. In the H14 Srup. for each potential the data
were obtained from the best fit Line o" semulog pOn of tmraet¢ posest versus 1,/fast closed time up
to 25 ,M.

O 'Numbers represent voltage variatiao that ptUM aa r4414 chance.

micromolar range for HI-6, at - 120 mV) suggesting that they bind to low-affinity
sites in the ion channel of the receptor. The Kd of HI-6 changed e-fold for a change
of 24 mV. In the case of 2-PAM. 52 =V were necessary for a similar change.
Previous work has shown that the voltag dependence of K. can be described by the

• Boltzmann distribution [28.29,381 such that the exponent of the above equation
should be. -ze6V/kT where ze 6i the charge of the drug. 8 is the fraction of the
membrane potential sensed by the ion as it reaches its binding site. V is the holding
membrane potential. k is the Boltzmma constant and T is the absolute temper-
ature. Values of 0.47 and 0.51 were found for 2-PAM and HI-6. respectively, which
indicate that for a constant membran field, the binding site would be roughly
halfway across the membrane. Simi'•ir lecati-Jw were estimated for the neostigmine
and edrophonium binding sites (31.

The linear increase in the reciprocal a( mea open time with drug concentration
in the case of 2-PAM (up to 100 I&M) mad HI-6 (up to 50 pM) and an increase in the
mean intraburst closed time with hypapolarization in the case of HI-6 are points in
favour of the sequential model of channd blockade for these drugs. However. some
deviations from the expectations of the sequential model [281 have also been found

* in the case of oximes. For example, the above model requires that the total time the
channel spends in the conducting state should remain constant in the absence and
presence of drugs. Though less proacuuced than the effects on the individual
intraburst open times, the analysis shoed that the total open time in a burst (i.e..
the total ion conducting period during the btst) (Fig. 11) and also the burst times
were decreased by the oximes in a concaion- and voltage-dependent manner.
This departure from the sequential model observed with most of the doses of the

• oximes and potentials tested was not sea with other blocking agents such as
QX-222 (up to 40 paM) which induced aincreased mean burst duration [281. Thus
it becomes apparent that alternative mechanism are needed to explain the kinetic
reactions of oximes with the AChR.

The following alternative routes could be omsidered (i) a new stable conforma-
tional state can be reached either direcdy from the open (A.R*) or from the

• previously existing blocked state (A, R* D); (ii) AR* D gSo to another closed state

0
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FIG 11 Effect ofoxxines on the total open tinseper burst. Control (o in both A and 8). and
in the preec of 50 (C). 100 (*) ,&M of 2-PAM (A) and 25 (AL 50 (0) jiM of HI-6.

(A. RD or A. R or R). bypassing the open state (A,,RO) or (iii) the oxinies alter the
rate constants for channel dlosing (k-.4. The first possibility predicts that more
than one blocked state shoui -.a identified in the distribution of the closed
intervals. However our closeLtimea disuributioe showed two expoinentials. one
showtug the distribution of the short intervals (representing the blocked state) and
another showing the long interval (represesiting the gaps between different channel
activation). As seen in Fig. 10. no evidence for a new distribution ui the closeid time
lutioprais could be found. If a stable blackd stateexistsit cannot be clearly
delineated from the long dlosed intervals (iLe.. the intemisb between individual
channel activaton). The possibility that A.ROD goes to a dlosed state directly.
bypassing the open state AR*. thereby causing a reduction in the mean burst and
mean tota open timie. cannot be eliminated from any evidence from the current
data. Our data may suggest but do not pro" that there is a change in the channel
closing rate in the presence of oximes. Reduction in the total open tune per burst
compared to control. as seew with the ownes, coul be interpreted as an incr.zase in

A CAL-ike and A ChE-inki~erwy effwm of omw
It is possible that the hydrolytic reaczion reported between hydroxyiamimne and
acetylthiocholine can result in an AChE-type activity which can be extended to the
oximes 2-PAM and HI-6. At concentraton higher than 10 jiM. 2-PAM and 111-6
interfered with the assay of AChE activity by hydrolysing the substrate
(acetvlthicholinel themnselves. In this respect. 2-PAM was 2-2.5-timies more potent
than 111-6 (Table 61. The AChE-like reaction could occur between the neurotraflt
nutter and the oxames studied here The implications of this type of reac ion on the
antidotal efficacy of oximes against OP are discussed below. On the oth -r hand. the
axixmes exhibited Some inhibitory effect on the AChE activity. The valuts shown in
Table 6 indicate that 2-PAM has a greter inhibitory effect on AChE than 111-6.
The weak AChE-iniiibitory effects of 2-PAM and 111-6 may be of no significance
under conditions of OP potsomag. where maximal inhibition of the enzyme Is
already present.
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TABLE 6 Chemica interaction of oxames wkba khiacboe (ATC) and effect on AChE
activity

Concen. Rate of ATC breakdown (pM/umn S AChE inhibition
t cration, M) 2-PAM HI-6 2-PAM HI-6

10 - - 10.7 b 71
50 1.08 0.41 24.6 -

100 2.02 0.92 30.7 6.2
200 4.78 1.90 60.7 18.0

* All the acuvity of AChE was memaud from sanmim mmde evueat.
SIb Each m.atber refers to the mean of 2 to 3 de&eeueism; km bmnaa of 9 diferent mud".

Cornea1ion of actions of oximes and ther inidesai poency

The present study indicated that reactivadia of the phosphorylated AChE by itself
is not adequate to explain the effectiveness a oximes against OP poisoning. Many

* lines of evidence from this study support dis hypmhesis.

(1) Specificity of oximes against OPs regpdkan of their AChE reactivation potency
(Table 7): against tabun, we have observed that in spite of very weak reactivation of
AChE activity (less than 5%), 2-PAM wa abie to produce complete recovery of
muscle function (twitch and tetanic tensioa). On the other hand, HI-6 (in general a

• more potent antidote) failed to affect the blockade of tetar.c tension after exposure

TABLE 7 Effects of 2-PAM and HI.6 on the rewmy of nmasde function depressed by
ledud doses OP agents"

OP agent Condition Twitch .eta.us Tetanus AChE
and dose tension leasion sustaining activity
(OM) 50 Hz ability

5 None control 100 100 100 100
Sornal 15-rain exposure 51 13 12 4
(0.2) 3-h wash 108 56 6 7
2-PAM b 93 54 0 18
HI-6 108 64 100 21
Tabun 15-rmin exposure 59 15 0 6
(0.4) 3-h wash 67 42 5 21

* 2-PAM 92 74 100 6
H1-6 136 53 2 21
VX 15-min exposure 33 9 0 4
(0.2) 3-h wash 44 61 96 29
2-PAM 75 93 99 70
HI-6 63 95 100 100
Satin 1S-min exposure 57 15 3 4

* (0.4) 3-h wash 83 106 100 37
2-PAM 81 55 86 50
HI-6 76 96 99 100

Results are expresed as perecentale contral valem." Muscles were treated wMt 2-PAM (0.1 mM) or HI44DA aiM) for I h afier IM.nia exposure of OP and
removal of its
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to tabun. Furthermore. in these muscles the level of AChE activity level after HI-6
was higher than that prov'ded by 2-PAM. Sarin- and VX-induced depression in
muscle function was fully recovered by both 2-PAM and HI-6. HI-6 could recover
100% of the enzyme activity inhibited by sarin or VX but usually 20% of AChE 0
activity was observed in soman- and tabun-poisoned muscles. The degree of
reversibility of both AChE activity and muscle function by oximes is directly related
to each OP: however, these two parameters are not necessarily linked.

(2) An AChE-like reaction reported between 2-PAM or HI-6 and acetylthiocholine
(Table 6) could also be predicted for the neurotransmitter ACh. Such a reaction
although of little significance under normal conditions, could in fact play an 0
important role under conditions of OP-poisoning where it would be beneficial to
hydrolyse part of the excess ACh at the synaptic cleft.

(3) Possible role of AChR activation in the antidotal efficacy of oximes: 2-PAM and
to a lesser extent HI-6 induced an increase in the AChR-channel opening probabil-
ity, i.e., an excitatory action at the receptors. The increase in the channel activation
in the presence of oximes could be of significant value in reversing the function of
OP-poisoned endplates towards normalcy especially in the late stages of the OP
poisoning where the desensitizing states of the nicotinic AChR may be prevailing.
Desensitization of the AChR in its various phases or types could be caused not only
by ACh accumulation, but also by direct effects of OPs on these receptors. or by
both [391. In fact, recent biochemical evidence suggests that diisopro-
pylfluorophosphate could cause desensitization of the AChR through binding to a
site at the receptor which is different from the agomst-recognition or high-affinity
noncompetitive sites [401. The channel activation produced by the oximes could
therefore counteract the effect of OPs and restore the normal neuromuscular
function.

(4) Reversible blockade of AChR-channels vs antidotal efficacy: 2-PAM and HI-6
produce significant blockade of the channels activated by the neurotransmitter. The •
blockade of the open conformation occurs through reversible reaction. This action.
combined with the property of the oximes to increase AChR activation, via
mechanisms discussed above. may release significant number of AChRs from the
desensitizing states.

(5) Studies on a bispyridinium compound. SAD-128. have further reinforced the
AChR vs AChE hypothesis. The more striking feature of this compound is that it
does not carry an oxime moiety. SAD-128 has been reported to be effective in
protecting animals against soman-poisoning [121. The electrophysiological studies
have shown a marked blockade of the channels activated by ACh. Comparauve
analysis showed that SAD-128 produced a more stable blocking state than HI-6 and
induced long-lasting bursts, consequently a double exponential decay of the EPCs
elicited by nerve stimulation [411.

Conclusions

The present study provides new insights into the molecular mechanisms underlying
the antidotal efficacy of carbamates and oximes against OP poisoning. The AChR
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was found to be significantly affected by t drugs in a manner consistent with
their antidotal potency. The effect on ACHE apears no to be a primary mechanism
in the therapeutic actions of carbamaLes ad oximes in OP poisoning. The AChR-

* channel blocking property appears to be he pivoa mechanism for the antidotal
property since carbamates. oximes and g a blocking compounds. despite their
chemical diversity exhibited similarity is possessing the above two properties.
Moreover. the less powerful channel blockha such as neostigmine and pyridostig-
mine are indeed weaker antidotal agent against OPs. Other properties like an
agonistic effect seen with carbamates ay also influence the antidotal efficacy.
Oxime 2-PAM and HI-6 in addition had as act'vating effect at the AChR and an

* AChE-like activity, properties which aw Uavomable for exerting an antagonistic
effect against OPs. Furthermore the effec a( these agents an the nicotinic as well as
glutamatergic synapses of the central ner system inmay also have to be consid-
ered in relation to their therapeutic acamn.
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INTRODUCTION

The nicotinic acetyicholine receptor-ion channel macromolecule (AChR), which
is densely distributed at the endplate region of skeletal muscle and in Torpedo
electric organ, is the best characterized among agoniat-gated ion channels (Karlin,
1980; Spivak and Albuquerque, 1982; Noda et &L, 1983; Chaugeux et al., 1984;
Sakmann et al., 1985). This molecule ccm,rises the neurotranamitter recognition
site and the ion channel and is formed by five polypeptide subunits a, p, r, and 6
with a stoichiometry of 2:1:1:19 The subunits of the ion channel traverse the mem-
brane and protrude about 50 A towards the extracellular side and 15 A towards the
interior side of the cell membrane (Roes et al., 197?; Klymkowsky et aL, 1980).

The discovery of ,-bungarotoxin (ct-BGT) (Lee, 1072) and histrionicotoxin
(Albuquerque et al., 1274, l988b) in the early 1970's, marked the beginning of an
era of great progress in the understanding of the structure and function of the
AChR. In the case of a-BGT, the high specificity and rather irreversible binding
to the transmitter recognition site led to isolation of the AChR, determination of its
polypeptide subunits and aminoacid composition, and reconstitution into artificial
membhranes (Heidmann and Changeux, 1978). More recently, successful genetic
encoding of this cromaolecule was achieved (Nods et al., 1983; Sakmann et al.,
1285).

The study of the pharmacology of the AChR disclosed its susceptibility to
blockade by a number of drugs, many of them with widespread clinical use and with
important toxic actions. The ACh-activated ion channels can be altered either by
a competitive blockade or by a variety of noncompetitive mechanisms (Spivak and
Albuquerque, 1982; Aracava et aL, 1987; Albuquerque et al., 1988b). a-BGT and
d-tubocurarine are the best represtatives of the group of agents that block the
ACh-recognition site (Lee, 1972; Lap& et aL, 1974). The existence of other sites
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and their role in AChR function was revealed by another group of alkaloids
produced by Colombian frogs Dendreates Jusionicus and named histrionic0ddLiins
(HTX) (for recent review see Albuquerque et aL, 1988b). The partial or total
synthesis of derivatives of HTX and their radiolabeUed analogs provided important
tools for biochemical characterizatiot of sites responsible for noncompetitive
blockade. Many drugs were also reported to alter AChR activation by noncom-
petitive mechanisms, namely, open channel blockade, closed channel blockade and
desensitization. These chemicals include, among others, local anesthetics (Neher
and Steinbach, 1978; Aracava et aL, 1964), the haliucinogenic agent phencyclidine
(PCP) (Aguayo and Albuquerque, 1986), acetylcholinesterase (AChE) inhibitors
(Aracava et al., 1987), and oxime AChE reactivators (Alkondon et al., 1988).

The intensive studies that have bees carried out in the last decade using
binding and electrophysiological techniques have provided important quantitative
data on the sequence of events that leads to the opening of the ion channel (Magleby
and Stevens, 1972; Katz and Miledi, 19M Anderson and Stevens, 1973; Kuba et al.,
1974; Albuquerque et al., 1974; Adler at aL, 1978). Most of the data support the
idea that the nicotinic AChR, upon binding of agonist molecule, undergoes a
conformational change which leads to an opening of its ion channel. According to
the following sequence of reactions, ACIIR ismerization is more likely to occur when
two agonist molecules (2A) bind to their sites (R) on the a subunit:

D

k, k2 or \1" ks.
2A + R V-. - AR A2 A- A 2RD

k.- k.2 ora

This scheme also depicts sequential blockade of the open channels (AzR") by
a number of drugs, named open channe blockers, leading to a nonconductive state
(A2R*D), as discussed below (Ruff, 1977; Adler et aL, 1978; Neher and Steinbach,
1978; Ikeda et al., 1984). In addition, it is known that prolonged AChR activation
or exposure to high concentrations of the ACh results in enhanced agonist affinity
for Us binding sites and acceleration of the conformational change of t.,e AChR
towards a desensitized state (Katz and Thesleff, 1957; Heidmann and Chtngeux,
1980; Spivak and Albuquerque, 1982).

Our understanding of the microscopic kinetics of the activation t A blockade
of the AChR was greatly enhanced with the development of patch-clamp, technique
in 1976 (Neher and Sakmann, 1976) and its further improvement in the eariy 1980's
(Hanaill et al., 1981). This technique aflow. one to record the opening and closing
of the ion channels resulting from the cormational changes or gating of the single
AChR macromolecules. Also, this recording mode has revealed some additional
characteristics of channel activation, such as the occurrence of very brief closures
during the open state of the channels generating bursting-type channel openings
(Colquhoun and Sakmann, 1981; Swansn et atL, 1986).

It has been shown that lifetime of the open state, frequency and length of gaps
within a burst, and burst duration are influenced by a number of factors such as
concentration and chemical structure of the agonist, transmembrane voltage,
temperature, etc. The stereochemical requirements for the agonist to open the ion
channel gate and the influence of agonist structure on other kinetic properties of the
channel could be analyzed in more detail by virtue of the discovery of more rigid
agonists such as (+)-anatoxin-a and its analogs (Spivak et al., 1980; Spivak and
Albuquerque, 1982; Swanson At al., 19O6).
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The analysis of single channel currents ais provided definitive evidence for the
di ect interactions of classic AChE inhibitors with site(s) at the AChR
mac~omolecule. Furthermore, these interactions were implicated in the ability of
certain carbamates to protect against organophasphate (OP) compounds. Our
studies demonstrated that carbamates (Albuquerque et al., 1985, 1987, 1988a;
Aracava et al., 1987; Kawabuchi et aL, 1988. 1989) and oximes (Alkondon et al.,
1988), chemicals used as antidotes for OP intoxication, alter AChR function by
mechanisms not related to AChE inhibition or reactivation. The results showed that
all of these agents including the OP compounds altered the kinetics of the AChR by
acting as weak agonists or noncompetitive blockers. In addition, our studies
disclosed that the targets of OPs and carbamates were not restricted to cholinergic
synaptic elements; glutamate-activated postsynaptic receptors were similarly
affected by these compounds (Idriss et aL, 1986).

In this study we examined the interactions of the carbamate physostigmine,
the oximes pyridine-2-aldoxime (2-PAM) and 1-(2-hydroxyiminomethyl-l-
pyridino)-3-(4-carbamoyl-l-pyridino)-2-oxapropane (111-6), and chemically
related 1,P'-oxybis(methylene)bis 4-(1,1-dimethylethyl)pyridinium (SAD-128)
with different sites on the AChR macromolecule. Our studies demonstrated that
(+) physostigmine in spite of having no significant anticholinesterase action could
effectively prevent the lethal actions of OP compounds. This property may be the
result of direct interactions of this carbamate with sites on the nicotinic AChR. In
addition, the present study provided evidence for the important role of interactions
of 2-PAM and HI-6 with sites on the AChR in the antidotal efficacy of the oximes
against OPs. This hypothesis was strongly strengthened by the findings that the
compound named SAD-128, an HI-6 analog without the oxime group and therefore
without significant AChE reactivating potency, was a powerful open-channel blocker
at the nicotinic AChR. SAD-128 was able to revert the toxic effects in animals
exposed to soman (Oldiges and Schoene, 1971k Oldiges, 1976; Clement, 1981. Our
data not only provided the molecular basis for the antidotal properties of carbamates
and oximes against OPs but more importantly widened our perspective for the
design of new and more effective drugs for both protection I reversion of the toxic
effects of irreversible AChE inhibitors.

RESULTS AND DISCUSSION

Carbamates smd Reiated Compousnd,

Prophylactic effect of carbamates against OPs Electrophysiological,
toxicological and morphologicrl studies have provided strong evidence that most of
the clinically used reversible AChE inhibitors, namely neostigmine, pyridostigtaine,
edrophonium sad (-) physostigmine, interfere with neuromuscular transmission.
The agents not only prevent ACh hydrolysis but also directly interact with site(s)
located on the AChR macromolecule (Meshul et aL, 1985; Deshpande et al., 1986;
Kawabuchi et al, 1986, 1988, 1989; Aracava et aL, 1987; Albuquerque et al., 1988a).
The morpholoa of the neuromuscular junction and the function of the postsynaptic
AChRt were altered differently depending upon the carbasnate used. Each of these
compounds interacts with multiple targets at nicotinic synapses producing a unique
spectrum of alterations in the kinetics of the AChR activation process. In addition,
we believe that because of these interactions, some of the carbamates are more
effective than others as antidotes against poisoning by a particular OP (Albuquerque
et al., 1985, 1987; Deshpande et aL, 1986; Kawabuchi et al., 1988, 1989). Many lines
of evidence have also emerged from our studies that have strengthened this
hypothesis:

35



i) (+) Physostigmine, a synthetic imer of the natural (-) form, in spite of
having no significant anti-AChE activity prevented OP-induced myopathic lesions
and protected animals against lethal doses of irreversible AChE inhibitors
(Albuquerque et al., 1987; see also Fig. 1 ia Kawabuchi et aL, !9g8).

ii) All of these carbamates, including (+) physostigmine and the non-
carbamate edrophonium, though with diffeent affinity and potency, can activate
or competitively block AChR through interactions with ACh-recognition site, and
alter the kinetics of AChR through noncompetitive site(s) and produce different
types of ion channel blockade such as reversible open channel blockade, closed
channel blockade, desensitization, etc. Usually, the final effect results from a
combinatict. of two or more of these actioms (Aracva. et aL, !987; Albuquerque et
al., 1988aj.

iii) The pharmacological and toxicolgockal effects differ among the reversible
AChE inhibitors. The physostigmine enadmsoers and particularly the (+) isomer
induced the least damage to the neuromuscular synaptic elements (Meshail et al.,
1985; Kawabuchi et al., 1988, 1989).

iv) Carbamates have distinct antidotal potencies and selective actions against
OPs. Accordingly, among the carbamaten (+) and (-) physostigmine provided the
best protection to animals exposed to lethal doses of OP compounds (Albuquerque
et al., 1985, 1987; Deshpande et al., 1986 Kawabuchi et aL, 1988, 1989). In vitro
experiments carried out for light microsopic and ugtrastructural analyses confirmed
these findings. Thus, whereas sublethal doom (0.08 mg/kg) of sarin, an irreversible
AChE inhibitor, produced a 3evere and extsive loss of band pattern, and induced
vacuclation, supercontracture of the subjun..tioaml regions, and phagocyte infiltra-
tion, the muscles of rats pretreated with (-) and (+.' physoatigmine and injected
with lethal doses of sarin (0.13 mg/kg) showe marki reduction in the severity and
extent of neuromuscular synapse destru (Fig. 1; see also Kawabuchi et al.,
1988, 1989).

v) (-) Physostigmitie's prophylactic potency was greatly enhanced when co-
administered with drugs such as mecainybamine or chlorisondamine that had no
anti-AChE activity but exhibited definite iocking actions on the nicotinic AChR
(Albuquerque et al., 1985; Deshpande et aL- 1986).

Moreover, the carbamate-OP antagmzm was further complicated because OP
actions, similar to carbamates, were not resricted to inhibition of AChE activity.
All OP compounds tested interacted with sites at the AChR macromolecule
producing multiple, simultaneous alterations of the kinetics of AChR ion channel
activation (Rao et al., 1986, 1987).

Interactions of carbamates with the nicotinic AChR. In this study we
compared the actions of physostigmine's aptical isomers on the single-channel
currents induced by nicotinic AChR activation. Single-channel currents were
recorded from the perijunctional regiom of fibers isolated from interosseal and
lumbricalis muscles of adult frogs Rana pisrs using patch-clamp techniques. The
details of the isolation of the single mmdc fibers and recording procedure were
descrilbed elsewhere (Hamill et al., 1981; A"en et al., 1984).

Atoniut Drooerty. Both of the pfysoatigmine enantiomers acted as weak
agonists at muscle nicotinic AChRs. (-) Physostigmine was about 10-fold more
potent than its optical isomer, disclosing a lower degree of stereospecificity for the
agonist recognition site as compared to 40-fold potency ratio for the AChE
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Figtre 1. A: Motor endplate and synaptic sections from a soleus muscle which was
removed from a rat after it was subjected to a dose of (+) physostigmine
(0.3 mg/kg). B: Motor endplate from a rat injected subcutaneously with
a sublethal dose of sarin (0.08 mg/kg). The soleus muscle was removed
I hr after injection and longitudinally cut sections disclosed the intact
motor nerve terminal. Note that the sarcoplasm as seen is enlarged and
filled with vacuoles of mitochondrial origin. The myofibrils were totally
disorganized with clear loss of the original sarcoplasmatic bands. C:
Motor endplate after treatment with (-) physostigmine (0.1 mg/kg) for
I hr. D: Motor endplate from st rat previously treated with (+) phy-
sostigmine (0.3 mg/kg) prior to a lethai injection of sarin (0.13 mg/kg).
There was a marked decrease in myopathic lesions with a small number
of vacuole. of mitochondrial origin. Z lines showed some slight irregu-
larities and dislocation. It is obvious that (+) physostigmine offers
significant protection against the marked damage induced by irreversible
organophosphate poison~ing (Kawabuchi et al., 1987, 1988, 1989).
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inhibitory site (Albuquerque et al., 1088a). The enantiomers of anatoxin-a, for
comparison, exhibited a m-'ch higher stereospecificity for the ACh recognition site
(Swanson et al., 1986). However, the kinetics of the ion channels activated by
physostigmine enantiomers were markedly distinct. (-) Physostigmine (>0.5 IM)
activated currents that showed a high frequency of flickers during the open state of
the channel (Shaw et al., 1985) (Fig. 2). These flickers were too brief to be
adequately recorded considering our filter bandwidth and digitization rate. This
contributed to a broader noise level during the channel open state and most likely
accounts for the apparent decrease in single-channel conductance observed in the
presence of (-) physostigmine. In contrast to (-) physostigmine, brief, square, well
separated pulses with few flickers were recorded in the presence of 10 ,M (+) isomer
(Albuquerque et al., 1988a) (Fig. 2). The mean open times were shorter than those
induced by ACh, e.g. 5.2 vs. 13 msec, at -140 mV holding potential. However, the
decrease in the mean open time with increasing concentrations of (+) physostigmine
and the gradual change in its sensitivity to membrane voltage suggested that at this
concentration range this isomer may be acting as an open channel blocker. This
pattern was also exhibited by the (-) enantiomer. Therefore, the actual charac-
teristics of both the (+) and (-) physostigmine-activated currents could not be
determined.

Blocking actions of (+) and (-) phvsostipmine. On the nerve-elicited
endplate currents (EPCs), the studies with physostigmine enantiomers confirmed the

(-) Physostlgmine (0.5 pM)

(÷) Physostigmlne (10 pM)

0 9

Figure 2. Samples of single-channel currents (cell-attached
configuration) activated by isomers of physostigmine.
Recorded from frog interosseal muscle at 10"C. Data were
filtered at 3 kHz.

3
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previous report of the lack of stereospecificity of noncompetitive blockade of ion
channel sites (Spivak et al., 1983). With (+) physostigmine, analysis of EPCs
eliminated the possibility of any significant anti-AChE activity owing to the
absence of the potentiation of peak amplitude and prolongation of EPC decay
typical of AChE inhibitors including the (-) isomer (Fig. 3; see also Fig. I to 5
of Shaw et al., 1985 and Fig. 4 of Albuquerque et al., 1988a). Also, the data
showed that like the (-) isomer, (+) physostigmine, at concentrations higher than
2 pM, produced significant reduction of both peak amplitude and EPC decay time
ccnstant (rmpc). This suggests a noncompetitive blockade of the AChR in the open
state in a manner described by the sequential model presented earlier (Shaw et al.,
1985).

Single channel currents, however, enabled us to distinguish differences in the
alterations induced by these enantiomers on the microkinetics of the ACh-activated
currents. As in recordings obtained with physostigmine's enantiomers alone, (-)
physostigmine produced channel blockade characterized by very fast blocking and
unblocking reactions. Events in the presence of the (+) isomer appeared as well
separated brief square-wave-like pulses. In the latter case, bursts could not be
discerned, denoting a very slow unblocking rate. The blocking actions of (+)
physostigmine reflected a decreased mean channel open time (r.) that was both

5 .5

(-) Phyxovtllgmln* (-) Physoatigmine
4

U)

E .4,
Co

ro (D .2.

0

0 E
E 5 < .8
I- (+) Phypostlgmlne I +) Physoutlgmlns

>.4

o 3 0 •

wCL 2
.2

Control 0.2 2.0 20 60 JAM Control 0.2 2.0 20 60 AM

Figure 3. Effect of isomers of physostigmine on the endplate current
(EPC) recorded from frog sciatic nerve-sartorius muscle
preparation at 210C. Values given were obtained at
-100 mV holding potential. Note that in contrast to
(-) physostigmine due to the lack of AChE blockade by
(+) physostigmine neither increase in peak amplitude nor
lengthening of decay time constant was observed.
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concentration-and voltage-dependent (Fig. 4). The blockade increased linearly
with (+) physostigmine concentration (1-50 pM) and exponentially with hyper-
polarization. In addition, as the concentrations of (+) physostigmine increased, the
semilogarithmic plots of r. vs. membrane holding potential disclosed a progressive
loss of the voltage dependence. This dependence is typical of control ACh-activated
currents such that at high concentrations (>20 pM) an inversion of the slope sign
of these plots was observed.

The sequential model introduced earlier (Steinbach, 1968; Adler et al., 1978)
was used to analyze (+) physostigmine actions. According to this model, in the
presence of the blocker, the reciprocal of the mean open times (1/1r) is governed by
the rate constants k-, or a and k3 and is linearly dependent on the concentration
([D]) of the blocker. It can be represented by the following equation: 11r, = (k 2(V)
+ k3(V) x [DI). The reversal in the slope of the plot of ro vs. membrane potential
(V) can be attributed to the strong voltage dependence of k3 which is opposite to
th,•÷ of k.2 .

The lack of clearly defined bursts in the presence of (+) physostigmine
precluded the determination of both blocked and burst times. This type of long-
lasting blockade was also described for other 3rugs iUke i"he [nral anesthetics
bupivacaine (Aracava et al., 1984) and QX314 (helher and Steinbach, 1978) and the
OP compound VX (Rao et al., 1987). The carbamates neostigmine and pyrido-
stigmine and the non-carbamate edrophonium also blocked open nicotinic AChR
channels but with dissociation rates that were intermediate between the two
physostigmine enantiomers (Albuquerque et al., 1988a).

0 ACh0.4 sM 0 (+)Phy5 gM + ACh
A (+)Phy 10/iM + ACh A (+)Phy20,M +ACh

__20

E". 10, 0

A 0

* AXC AA

0 A

- 2 A A
C
0

-200 -160 -120 -80
Holding Potential (mV)

Figure 4. Relationship between mean channel open time and holding
potential of channels activated by ACh in the absence and in
the presence of different concentrations of (+) physostigmine.
Note the marked decrease in mean channel lifetime as a
function of (+) physostigmine concentration.
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Table 1. Effects of 2-PAM and HI-6 on the recovery of function in muscles'
paralyzed by OPs

OP used Experimental Twitch Tetanus Tetanus- AChE
Dose (juM) Condition Tension Tension Sustaining Activity

50 Hz Ability

None Control 100 100 100 100

Soman 15-min exposure 51 13 12 4
(0.2) 3-hr wash 108 56 6 7

2-PAMb 93 54 0 18
HI-6b 108 64, 100 21

Tabun 15-min exposure 59 15 0 6
(0.4) 3-hr wash 67 42 5 21

2-PAM 92 74 100 6
HI-6 136 53 2 21

"Rat phrenic nerve-diaphragm muscle preparation was used, and the results are

expressed as % of control values.

bMuscles were treated with 2-PAM (0.1 mM) or HI-6 (0.1 mM) for 1 hr after 15-

min exposure to OP and subsequent removal of its excess.

Ozimes and Related Compounds

Artidotal potency; specificity against OPs. Studies carried out with 2-PAM
and HI-6, mono- and bispyridinium oximes, respectively, disclosed that in general,
HI-6 was more potent than 2-PAM. However, against tabun and soman, a very
specific antidotal interaction occurred which was independent of the AChE-
reactivation potency (Table 1). Thus, against tabun, in spite of insignificant
reactivation of the enzyme (less than 5%), 2-PAM produced complete recovery of
twitch tension and tetanus sustaining ability blocked by the OP. In contrast,
HI-6, although reactivating AChE to a higher level (20%) than 2-PAM was unable
to provide any improvement of tetanus sustaining ability. On the other hand,
against soman, HI-6 was effective in recovering muscle function, although it
reactivated the same 20% of the AChE activity. Against VX and sarin poisoning,
in spite of better reactivation of AChE activity by HI--6 (100% vs. 50-70% for
2-PAM), both oximes were equally effective in recovering muscle function.

More recent studies carried out with SAD-128, a bispyridinium compound
closely related to HI-6, reinforced the hypothesis of a mechanism unrelated to
AChE reactivation underlying the antidotal actions of the classical oximes.
SAD-128, although devoid of an oxime moiety which confers the AChE reactivating
effect, provided effective protection of animals exposed to lethal doses of soman
(Oldiges and Schoene, 1970; Oldiges, 1976; Clement, 1981). However, SAD-128
produced alterations in the kinetics of the ion channels activated by the
neurotransmitter that were quite similar to those produced by 2-PAM and HI- ,
and even more potent. These alterations resulted from the direct interactions of
these compounds with sites located on the ion channel component of the nicotinic
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AChR (Alkondon et at., 1088; Alkondon and Albuquerque, 1088). When the actions *
were studied in detail at the single-channel current level, all the compounds showed
definite actions on the nicotinic AChR, enhancing its activation, blocking the open
ion channels and/or accelerating its recovery from the desensitized state. The
differential contribution of all these actions accounted for the relative potency and
the selectivity of the compounds in relation to a particular'OP.

Activation and blockade of the nost.vnantic nicotinic ACh.. 2-PAM and
HI-6 did not affect presynaptic elements, membrane electrical properties or the
contractile apparatus. Thus, neither of these compounds affected resting membrane
potential, action potential generation or muscle twitches elicited by direct
stimulation. At high micromolar or even millimolar concentrations, they failed to
alter significantly the neurotransmitter release process as determined by analysis of
quantal content, quantal size and frequency of spontaneously occurring miniature *
endplate potentials (Alkondon et al., 1988). Therefore, most of the effects were
restricted to motor endplate AChRs.

Increase in AChR activation, This effect was particularly evident with
2-PAM and resulted from an increase in activation of the post-synaptic AChR
(Fig. 5; see also Fig. 16 of Alkondon et al., 1988) since, as mentioned before, this
oxime and others did not affect presynaptic processes (Alkondon et al., 1988). Also,
AChE inhibition was not sufficient to account for this facilitation owing to the fact
that enzyme activity was only affected at much higher doses of this oxime
(Alkondon et al., 1988). At the macroscopic level this effect resulted in potentiation
of muscle twitch tension and increased peak amplitude of the EPCs at holding
potentials ranging from -50 to +50 mV. As described below, at more negative
potentials blocking actions became prevalent such that the facilitatory effects were
not evident.

600. 00-0 ACh 0.4 ,uM

A 0-0 2-PAM 10 .M + ACh

SA-A 2-PAM 50 AM + ACh
A

A-A 2-PAM 100 iM +ACh
*400

L * A-.A
M
0 200. A ..

E
3 ~0- -0

0 48 12 16 20
Time (min)

Figure 5. Effect of increasing concentrations of 2-PAM on the frequency
of channel activation produced by ACh. This increase in
channel opening probability in the presence of 2-PAM could
be of significant value in revitalizing the function of OP-
poisoned endplates.
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Single-channel recordings provided the ultimate evidence for the direct
interactions of these compounds with the AChR sites. Neither 2-PAM, HI-6, nor
SAD-128 produced channel openings by itself, i.e. when applied in the patch
micropipette alone, without ACh. However, in the presence of ACh (0.4 AM),
2-PAM (Fig. 5) and HI-6 produced a marked concentration-dependent increase
in the frequency of bursts. Under control conditions, ACh (0.4 pM) activated
channel openings which appeared as square-wave pulses with very few flickers
during the open state and no clear bursting activity. At thip concentration, desen-
sitization appeared very slowly as evidenced by the gradual decline of the frequency
of openings over the 40- to 60-min recording period. Upon the addition of
2--PAM at concentrations of 1 to 50 uM along with 0.4 pM ACh, the frequency
curve was shifted to a higher level while maintaining the same slope of the declining
phase (Fig. 5). Although dependent upon oxime concentration, this increase in the
frequency was neither voltage- nor time-dependent. With HI-6 this facilitatory
effect was significantly less marked, and it was not seen with SAD-128.

The increased channel activation could result from a primary action of
2-PAM increasing the affinity of ACh for its binding site and/or the isomerization
rate constant (A) facilitating the ion channel opening. Another possible mechanism
for 2-PAM's action is that this oxime could enhance channel activation by
counteracting the already existing agonist-mediated receptor desensitization. This
explanation seems particularly tempting, considering that OPs block neuromuscular
transmission by enhancing AChR desensitization via ACh accumulation and by
direct actions (Alkondon et al., 1988). Indeed, OPs have been reported to enhance
AChR desensitization through direct interactions with the nicotinic AChR molecule
(Eldefrawi et al., 1988).

Assuming that there is no synthesis or incorporation into the muscle
membrane of new nicotinic AChRs during patch-clamp recording, one could argue
that in the presence of 2-PAM more receptors become available for ACh-
activation. This greater availability of activatable AChRs could result from the
shift of the existing AChRs from the desensitized state. It is known that the
neurotransmitter and other nicotinic agonists, at equilibrium, shift the AChRs from
a low agonist-affinity state to a high agonist-affinity state(s) responsible for the
development of desensitization (Changeux et al., 1984). Biochemical and electro-
physiological techniques have disclosed at least two phases of desensitization
(Heidmann and Changeux, 1980; Feltz and Trautmann, 1982). The onset of fast
desensitization occurring on a millisecond time-scale would usually be missed under
control patch-clam, recording conditions. Therefore, our recordings obtained with
ACh alone may oni, depict the activation of those receptors that escaped the fast
desensitization induced by the agonist. Under these conditions, the increased
channel activation could result from 2-PAM's ability to prevent AChR isomeriza-
tion towards a fast desensitized state. Slow desensitization, however, appeared to
be refractory to 2-PAM's facilitatory actions since at all concentrations of this
oxime parallel decline of channel activation was observed following the initial
increase in frequency of openings.

Blockade of AChR ion channels. The analyses of the kinetics of the
macroscopic EPC decays and single channel currents disclosed noncompetitive
blockade of the AChR function through direct interactions of 2-PAM, RI-6 and
SAD-128 with site(s) on the AChR ion channels. The ion-channel blockade was
more evident with HI-6 and SAD-128. On the macroscopic EPCs, plots of rFPC vs.
membrane holding potential revealed ion channel blockade only at hyperpolarized
potentials (from -150 to -80 mV). Denoting a very strong voltage-dependent
process, the decrease in the decay time constant was accompanied by an inversion
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of the slope sign of these plots as the concentration of these drugs was increased.
In Lhe presence of HI-6 (1 iM to 2 mM) the acceleration of the EPC decay
occurred without changing the single exponential function observed under control
conditions. In contrast, with SAD-128, double exponential decays could be
discerned at all concentrations (10-100 IM) tested at membrane potentials between
-150 and -100 mV.

For better interpretation of these alterations, the microkinetics of the
elementary currents were analyzed. 2-PAM (10-200 pM), HI-6 (1-50 uM) (Fig.
6) and SAD-128 (1-40 uM) (Fig. 7) when added to fixed concentrations of ACh
(0.4 uM for 2-PAM and HI-6, and 0.1-0.2 ;M for SAD-128), induced openings
with marked increase in the frequency of flickers during the open state as
compared to control ACh-induced currents. This flickering was interpreted as
resulting from successive blocking and unblocking reactions before the ion channel
was closed towards its resting state. The bursts with SAD-128 were much longer
than those observed in the presence of 2-PAM or H1I-6 because of the much longer
blocked states. With lHI-6 and especially with 2-PAM the high frequency of these
flickers made the noise level during the open state broader than that observed
during the closed state or in the absence of channel activity. In addition, as the
frequency of these flickers increased with higher concentrations of these oximes
(> 100 MM), the inadequate recording and digitization of the very fhst events induced
an apparent decrease in the single chanm conductance.

2-PAM SO pjM - ACh 400 ni tQ-4 SO 50M * ACh 400 nil

S m

Figure 8. Samples of ACh-activatad channel currents recorded from
frog interosseal muscle in the presence of 2-PAM (50 pM)
(left) or H11-8 (50 pM) (right) included in the patch pipette
together with ACh (400 nM). Holding potential, -185 mV.
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Table 2. Comparison of the channel-blocking rateW for different pyridinium
drugs

Holding Potential ks x 10-6 sec"' M-1
* (mv)

2-PAM ..... .SAD-128

-100 2.7 8.7 104

-120 4.0 14.5 130

-140 5.9 24.0 148

-160 8.7 39.6 170

'The blocking rates were obtained from single channel studies with frog muscle

0 fibers.
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Figure 7. Samples of ACh-activated single-channel currents recorded
from frog interomeal muscle in the absence and presence of
SAD-12t inside the patch pipette solution. Holding
potentiaL, -140 mY.
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The analysis of the open chamid kinetics showed that both oximes 2-PAM
and HI-.6 and SAD-128 prodica a cosicetratima- and voltage-dependent
reduction of the mean open times ONig 19). At low concentrations, this effect was
only apparent at greatly hyperpola ize potentilas. An the concentration of these
agents increased, the effect became appmeat at lesn negative potentials. The voltage
dependence of the mean open time iulowed the predictions of the sequential model
used to describe the actions of many in chane blacken as presented before. As
discussed earlier, the opposite voltage dependence of the rate constants k.2 and k,
resulted in the blocking pattern exkibited by these drugs. Table 2 shows the k3
(secL.M1 ) values and its voltage semsitivity for 2-PAM, HE-6 and SAD-128. The
k, values changed an e-.fold per 52 &V &and 40 mV for 2-PAM and HI-6.
SAD-128 blocking actions were lkm vdiage-dependent such that the k3 for this
drug changed an e-fold per 150 mV. Aiso, many other blockers such as QX-222
and (-) physostigmine produced wuch las voltage-dependent reduction of the
mean open times.

Analysis of the distribution of the dedtimtes showed that in the presence of
these drugs they were best fitted by the sum of two exponentials. The fast
component represented the numeros fast flickers or blocked state induced by
2-PAM and HI-6 and, on a much siser timue scale, by SAD-128. With both
oximes, 2-PAM and 111-6, the twocomosaent in the closed time histograms could
be easily discriminated. However, due to the slow transitions between the blocked
and open states in the presence of SAD-12S, the fasg component could be ade-
quately separated in recordings with way low frequency of channel openings. These
conditions would also allow for adequde herst discrimination. For 2-PAM, the fit
of the faut component to a single etpsoctial function provided a mean of about
130 ýsec at all potentials where the blckede appeared. For HI-8, this value was
voltage-dependent 3uch that the valess were 140 and 390 Psec: at holding potentials
of - 120 mV and -I180 mV, respectluiv*. The mean blocked times for SAD -128

0 ACh 0.4 AM 0 2-PAM 50 AM + ACh

30 & HI-6 50 AtM + AOk A SAD- 28 10 AM + ACh

E

-1 0

.C
U

C

-20 6
MGa Pf"

-200 hepes -166 -AI I6a A-120 -6
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Table 3. Comparison of the channel-inblocking rates' for different pyridinium
drugs

Holding Potential k., x 10-3 sec"

(mV)
2-PAM HI-6 SAD-129

-100 7.8 9.9 0.70

-120 7.8 7.1 0.38

-140 7.8 $.0 0.21

-160 7.8 3.6 0.12

"All the unblocking rates were obtained from single channel studies with frog muscle
fibers.

were also voltage-dependent but 10- to 20-fold more prolonged compared to
HI-6. According to the sequential model, the mean blocked times depend solely on
the rate constant for the unblocking reaction (k.3). The values and the voltage
dependence of k.3 determined from the reciprocals of the u-ean blocked time are
shown in Table 3. The k. 3 values changed an e-fold per 58 and 32 mV for HI-6
and SAD-128, respectively, whereas the dissociation rate constant for 2-PAM was
not significantly influenced by the voltage.

The dissciation constant (Kg) values obtained for 2-PAM aud HI-6 were
1.27 and 0.204 mM at -140 mV holding potential, respectively. In comparison to
HI-6, SAD-128s K. value was almost 100- to 150-fold lower, around 1.5 MM at
-140 mV holding potential. The high I, values for the oximes indicated that they
bind to a low-affinity site. Using the Boltsuman distribution to describe the
voltage dependence of Ke values, the location of the binding site can be estimated.
For both 2-PAM and 111-6 the binding site is roughly half way across the
membrane (Alkondon sad Albuquerque, 1988). Similar values were determined for
SAD-128 (Alkondon and Albuquerque 1988) and for other blockers such as neo-
stigmine and edrophonium binding sates (Aracava et al., 1987). suggesting that they
bind to the same site with different affinities.

Some additional features of the blockade produced by these drugs can be
discussed in light of the predictions of the sequential model. The following points
argue in favor of the sequential blocking model: i) a linear decrease in the mean
open times with concentration of the blocker, in the cue of 2-PAM up to 100 /M
and HI-6 up to 50 #MK ii) an increase in the mean blocked lime with hyperpolari-
zation in the case of HI--6 and SAD-128, but not of 2-PAM; and iii) the blocked
times independent of drug concentration for HI-6 up to 50 MM and for SAD-128
up to 40 pM. However, some deviations from the predictions of the sequential
model have been observed with the oximes and with SAD-128 that can be
enumerated as follows. i) The model predicts that the total time that the channel
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Table 4. Interaction between pydrid3inm rags ad acetylthiocholine

Concentration of Rate of Acetythio Breakdown (M /main)
Pyridinium Drug

(AM) 2-PAM H-o SAD-128

50 1.1 0.4 0

100 2.0 0.9 0

200 4.8 1.9 0

500 9.7 5.2 0

spends in the open state is unaltered by the blocker. ii) The model also predicts
that both the number of flickers or opesians per burst and the mean burst time
should increase with drug concentratio. Tbh analysis showed that the total open
time in a burst and the duration of the bursts were decreased in a voltage-
dependent manner as the concentnzfism of theme drugs increased. At lower
concentrations of the oximes, the hnab of openinp per burst increased with
concentration. However, at higher coantioe s of oxime, particularly with HI-8,
and at large negative holding potentiok a reduction in this number was observed.
With a typical blocker like QX-222 (up to 40 1M) the mean burst time along with
the number of openings per burst increaed with concentration. The total open
time per burst was thus maintained eqol to that determined in the absence of the
drug (Neher and Steinbach, 1978). iA) With SAD-128 the linear relationship
between the reciprocal of r. and its ocetrti as Ipredicted by the model was
observed only at a low concentration at the blacker (up to 10 jM). Above this, a
departure from the linearity became eikext.

ALhL-Jike acti2ns of the oximm. It has been reported that hydroxylamine
is able to hydrolyze acetylthiocholine. in a mazner similar to the enzyme AChE.
Therefore, the existence of a similar reaction between either 2-PAM or 1[I-6 and
acetylthiocholine used as substrate was iawatigated. The data in Table 4 indicated
significant hydrolysis particularly wit 2-PAM that was about 2-2.5 times more
potent than HI-6. This reaction coomd also be predicted to occur between these
oximes and the neurotranamitter AC. Although such a hydrolysis plays no role
under normal conditions with the AC(U fully functioning, it may be of great
relevance under conditions of irreve phasphkoTlation of the enzyme, reducing
the activity of excess ACh in the chofiegic synaptic cleft. The occurrence of this
reaction in vivo could partly account for the antidotal efficacy of oximes against OP.
Weak anti-AChE activity observed wit high concentmations of 2-PAM may not
be of any importance during OP-.pming..

Molecular mechanisms of the atidot#A efficac-. The oximes and related
compounds, 2-PAM, HI-6 and SAD-212. pmrduce multiple alterations of the
AChR function through mechanisms v sed to reactivation of the phosphorylated
ACHE. Although interacting with the mne site@, the final action of each of these
compounds represents the result of dhtiact cetributions of multiple interactions
with the nicotinic AChR and of the chmca reaction between the oximes and the
neurotransmitter. This differential camUition of the various interactions makes
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each compound specifically or particularly potent aginst a given OP (Reddy et al.,
1987).

As mentioned before, in the increase of AChR activation, 2-PAM was much
more potent than HI-6, whereas this effect was not observed with SAD-128. The
increase in the channel opening probability, which may result from the ability of
oximes to arrest fast desensitization, could become relevant under conditions of OP
poisoning, when AChR desensitization may be the dominant process produced not
only by excess ACh but also by direct interactions of OP with the nicotinic AChR
(Rao et al., 1986). Thus, especially 2-PAM, through this mechanLim could
counteract the effect of OPs and restore neuromuscular transmission.

In addition, all three compounds produced reversible channel blockade.
Comparatively, SAD-128 produced more stable blockade at much lower doses. The
availability of activatable AChR through the frust mechanism described above,
followed by a reversible channel blockade may release a significant number of AChR
from the desensitized state and thereby reestablish the synaptic function.

And, finally, an AChE-like action, particularly with 2-PAM and HI-6, may
piay a significant role in the antidotal efficacy of these agents. This effect, although
irrelevant under normal conditions, may greatly contribute to diminish ACh
concentration at the cholinergic synapses in OP-poisoned animals.

CONCLUSIONS

Our studies provide insights into the molecular mechanisms underlying the
awtidotal properties of the carbamates, oximes and noa-oxirr" related, compounds
against lethal effects of irreversible AChE inhibitors. The - -ta disclosed that
carbamylation or reactivation of phosphorylated AChE is not the primary
mechanism responsible for the antidotal properties of these agents against OPs. (+)
Physostigmine's results from ultrastructural and in uivo toxicological studies
provided the ultimate evidence for this theory. Moreover, the electrophysiological
data showed that carbamstes' protecting potency was strongly related to specific
interactioms with the molecular targets at the postsynaptic nicotinic AChR.,
Regarding the actions of oximes, studies on SAD-128 showed definite correlation
between the antidotal efficacy of these compounds and their actions at AChR
macromolecule. Furthermore, our studies suggested that the direct interactions of
OP compounds with nicotinic AChR targets (Rao et al., 1987) should be taken into
account in the investigations of the carbamate-OP and oxime-OP antagonisms.
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STRUCTURE-ACTIVITY RELATIONS111 OF REVERSIBLE
* ~CHOLINESTERASE INHIBITORS: ACTIVATION, CHANNEL BLOCKADE

AND STEREOSPECIFICITY OF THE NICODTIN ACETYLCHOLINE
RECEPTOR-ION CHANNEL COMPLEX
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1. We have shown that all cliolincsatrase (Chit) setsma in additio to their well-known
anti-Chi? activity, have nmultiple effects an the nicotinic amoyidialiae meceptor-ioa channel WAhit)
macromolecule resulting from interactions with the agonist recogaiias site and with sites located at the ion

* channel component. Activation. competitive antagoniasm and oiffiw typrs of noncompetitive blockade
occurring at similar concentration ranges and contributing in Ailera" proportions result in complex and
somewhat unpredictable alterations in AChR function. The questio isnow raised as to how each effect of
these compounds contributes to tncir antidotal property gautmgunsuos(OP) poisoning, and what
set of actions makes one reversible Chit inhibitor a better ansidoe. Many lines of evidence support the
importance of direct interactions with various sites on the ACML I)soacpolo-gical and toxicological studies
wilt%(+) physostigmine showed that anti-Chit activity is not aosonta 0pt~ect animals against toxicity by

* ~irreversible CL111 inhibitors; 2) (-) physoshigminc is~ar miomrefiecive against OP poisoning; 3) open channel
blockers such as mecamylaiunin with no significant .anti-Clik actio enhauice die protective action of (-)
physostigmine; 4) ncosigniiul, pyridostigruine. (-) physosigtae and (+) plsysostigmine showed
qualitatively and quantitatively distinct toxicity and damage tol meapo soshoiogy and function.

2. I n prophylaxis and during the very early phas aof C poismoniag caqbamates, especially )
physoaligmine combined with mceamylianine and atropine. =W junfecl almost 100% of the animals
exposed to multiple lethal doses of O1's. E lectrophysiologica Amshowed that (-) physostigmine, among

* ~several reversible Chit inhibitors, showed greater putency in dolosaeing both esadpiaor current (EPC) peak
Amplitude and 'r~pC. 'I herefore, concerning neuromuscular samnbton, itsemws that the higher the
potency of a drug in reducing endplatc permeability, the I . - is its protection against OP toxicity. A
reversible open channel blockade combined with some agonist auotyis helps todecrems the effect ofACli
at its agonist sits and to reduce the ion permeaboility of open clonel. It should be pointed out that, during
the later phase of OP poisoning, ACIIR desensitization simWu be moat prevalent. Thus, a drug that can
remove the AChR from this rather irreversible state to a inan , - 'Mebocked state shouldl be a better

* protector. Indleed, oximes soch as 2-P1AM and a more poten am&& 311-6. psodmees multiple alteations in
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AChR function that comprise increased dCannel aci,,,ation and open-chafnnel blockade. The increase in the
frequcncy of channel activatiuo may resilt fro#, an increase in the rate of recovery from the desensitized
statc brought about by excessive cholinargic aciivation. Thus, a combination of a partial agonist, a potent
open channel blocker and an agent dtha accelerates recovery trom the dcsensitizcd state may be the best drug
regimen against OP poisoning.

Key words: cholincsterase iiiitibilors. amceylcholic recepors, organormposphorus poisoning.

Introduction

"Ihe nicotinic acetyicholine receptor-ion channcl (AChR) is a macrotnolcculc
which is found in high denasity at many pebpheral and central nervous system synapses. The
AChR is certainly one of the most extensively studied macrontoiecules particulaily because
of the availability of animal models which have high-density distributions of this structure at
their synapses (Chagas, 1952, 1959). One of these animals is the Electrophorus electricus,
which initially introduced for physiological and biochemical studies by Chagas and collabora-
tors even before the discovery of at-bungarotoxin (c-BGT; Lee, 1972) enabicd the isolation
of the ACh receptor. This initial attempt gave Chagas a pioneering thrust in the field
(Chagas, 1961). The discovery of the competitive antagonist cz-BGT (Lee, 1972) and the
novel noncompetitive amagonist histrionicotoxin (Spivak ct al., 1982; Albuquerque et al.,
1988) has provided the fundanmental basis for detailed nmodcrn molecular pharmacological
studies of the AChR. These studies cuhninated in the isolation, characterization, and cloning
of the AChR (Raftery et 4l., 1980; Karlin, 1980; Spivak and Albuquerque, 1982: Barnard et
al., 1982: Noda et al., 1983; Changeux et al,. 1984). The AChR at various -ynapses displays
very specific affinities for a number of toxins and drugs, and among them the reversible and
irreversible anticholinesterase agents that have recently been demonstrated to alter the
kinetic properties of such macromolecules.

The concept that reversible chofinestcrase (ChE) inhibitors and reactivators (e.g.
oxines) exert their antidotal effects against irrcversible ChE Poisoning by temporarily
protecting or reactivating ChE at the central and peripheral cholinergic synapses has
significantly changed (Albuqacrque at al., 1985. 1986, 1987: Alkondon et al., 1988).
Extensive electrophysiological studies of carbanmales and organophosphorus (OP) compounds
on the nicotinic synapses have shown that, in addition to the ChE inhibitory action, they
interact directly witi• one or more sites at the nicotinic AChR (Akaike ct al., 1984; Pascuzzo
et al., 1984; Shaw et al., !985; She'by cl al., 1985; Albuquerque at Ad., 1985, 1986, 1987;
Fickers, 1985; Aracava ct al., 1987).

Indeed, concomitant studies carried out to examine the ability of carbamates to
protect rats against the toxic effects of OP compounds provided additional evidence for
actions othcr than ChE inhibition to account for the antidotal property of carbainates
(Albuquerque ct al., 1985; Kawabuchi et al., 1986, 1988). Among carbainates, in spite of
their similar strong anti-ChE activity, the natural (-) physostigmine causes less damage to the
morphology of neuromuscular junctions than neostignune and pyridostigmine and offers the'
best protection against lethal doses of OP compounds (Deshpande et al., 1986; Kawabuchi et
al., 1988). The ultimate evidence thal ChE carbamylation is not an absolute requirement for
their antidotal effects was provided by (+) physostigmine, a novel synthetic enantiomer.
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Although a very weak ChE inhibitor (about 225 times less potent than (-) physostigmine
at the rat solcus muscle), this isomer was able to protec ainimals against OP poisoning
(Albuquerque et al., 1985; Aracava et al., 1987; Kawabuchi at al., 1988).

In light of these results, wc decided to further iavestigate the L'Iteractions of the
carbarnates. (+) physostigmine, pyridostigmine, neostigumine and the noncarbamate
edrophonium with the nicotinic AChR at the single-channel current level. Thus, an analysis
of the structure-activity relationship of these closely related compounds was done to unveil
the molecular requirements for the differential actions of these carbamates on the activation

* kinetics of the nicotinic AChR as well as the stcreoisomerism of agoniqt binding site and ion
channel sites.

Materials and Methods

Endplate current (EPC) recordings0
Nerve-elicited EPCs were recorded from sariCnHs nus-$•c-sciatic nerve

preparation from frog Rana pipiens. The details of the dissewron and recording procedure
have been described elsewhere (Shaw et al., 1985). The physiological solution used was frog
Ringer solution of the following composition: 116 mM NaCL 2 mM KCI. 1.8 mM CaCI2. 0.7
mM Nai42PO 4, 1.3 mM Na2 1IPQ 4, pli 7.1. Frog sartoriws mussclcs with the nerve attached
were treated with 400-600 mM glycerol to disrupt excitation-contraction coupling (Gage
and Eisenberg. 1967). The EPCs were recorded frona sarface muscle fibers by a two-
microelectrode (1-4 MfI resistance when filled with 3 M KCI) voltage-clamp technique
using a circuit similar to that described earlier (Takeudi and Takeuchi '59; Kuba et al..
1974). Recordings were made under control conditions aud after 30- to 1-1 -in exposure to

* different drug concentrations. EPCs were elicited at the end of a 3-s conditioning pulse at
different holding potentials (-150 to +50 mnV, in both directions, in 10-mV steps). The DC
current and voltage traces were sent on line to a digital compter (PDP 11/40, Digital
Equipment Corp., Maynard, MA) at 100-1Jas digitizing itervals (12-bit A/D converter).
Computer analysis of the EPCs provided the holding pouentiaL peak amplitude, rise time. half
decay time, time constant of decay and peak clamp error. EPC decay phase data were fit by a

• single exponential function and decay time constant (.rE,) was calculated by linear
regression of the logarithms of the data points (20-80%) againt time. All experiments were
perfomied at room temperature (20-220 C).

Single-channel current recordings

• Isolated fibers from interosscal muscles of the hiadlkg toe of the frog Rana
pipiens were used for single-channel recordings. The enzywwic and recording procedures
have been described elsewhere (Allen et al., 1984; Shaw ct al., 1985). For recording, the
fibers were bathed in HEPES-buffer solution (115 mM Na" 5 mM KCI, 1. mM CaC12,
and 3 mM H"PES, pH 7.2) containing tetrodotoxim (TM 0U3 IM. Sankyo, Japan) to
prevent cell contractaon. The same physiological solution wms nsd to fill patch micropipettes
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and to prepare all drug solutions. Patch micropipetucs' (3-5 Mfl when fidlcd with
HEPES-buffcrcd solution) were made of borusilicate glass tubes (A & M Systcrms), and were
pulled in two steps acco, ding to a procedure described earlicr (Ilamill ct al., 1981) using a
vertical pullcr (Narishigc Scientific Instruments Lab.. Tokyo, Japan). Recordings were
obtained from the junctional and perijunctional region of the muscle fibers under cell-
attached patch conditions using pipettes filled with a solution containing ACh (0.4 l.M)
either alone (control) or combined with various concentrations of the drug under study. To
test the agonistic property, patch pipettes were filled with diffcrent concentrations of the
drug alone. All recordings were made at 100C.

Single-channel currents were recorded at various holding potentials with an
LM-EPC-7 patch-clamp system (List-Electronic. Darmstadt. W. Germany). The data were
filtered at 3 kHz with an 8-pole Bessel filter and stored on an FM magnetic tape recorder
(Racal. 7.5 ips, dc-5 kHz). A minicomputer PDI)' 11140 and 11/24 (Digital Equipment Corp.)
or an IBM XT and AT microcomputers were used for data acquisition, detection and analysis
of singlc-channel currents digitized a, 12.5 kllz and provided cnannel amplitude and
open-burst and closed-time histograms (Sachs ct al., t982; Akaikc ct al., 1984). A channel
was considered open when the current increascd to more than 80% of the mnean estinated
channel amplitude and the open time is defined as the duration of an open event terminated
by a closing transition detected by a decrease in cur~ent amplitude to below 50% of the
unitary channel amplitude. A burst is defined as a single or a group of openings separated
from adjacent openings by a given closed interval determined by the characteristics of the
recorded currents. To have the hest estimate of the interbursi off-time dclimitcr, the
histogram of all closed times was initially examined; the fast phase. representing intraburst
closures, was fit to an exponential function and a value of 10 timnes the mean was used to
discriminate consecutive bursts.

The membrane potential of most single fibers used in patch-clamp studies ranged
between -50 and -70 mV. However, we did not routinely measure it for each fiber used in
patch-clamp recordings. Thus, we, adoptcd an indirect estimate of the holding membrane
potentials using the single-clannel conductance values since this paraite-r could re-
producibly be determined from the current zmplitude-pipcete potential relationship. No
correction for the reversal potential was niade since its value ranged around -2 inV.

Btiochemical determination

Acctylcholincsterasc activity from fn)g sartorius muscle was determined by a
modified Ellman's method (Elllman ct al., 1961). Muscle holmogenatc aliquois (100 p.A, 30
mglml) were incubated with ncostigminc. cdrophonium, pyridostigininc, (-) physostigminc
or (+) physostigmine for 30 min in the dark and at room temperature. DTNI (5,5"-
dithiobis-(2-nitrobcnyoic acid) disulfaic) and a-ctylthiocholinc chloride (ATC) (Sigma Chem.
Co.) were then added and the absorbancc was determined continuously at 412 nm during the
following 6 min. Three dcerminations of the rate of ATC degradation were obtained for
each drug and the mean and standard deviation were calculated. The IC50 values were
obtained from a log response curve of at least five doses.



0

Nicotinc aceytycholine recepor-ioncIacmyksx 177

Drugs

k (+) Physostigmine salicylate was obtained in pun form as a synthetic substance

(Dale and Robinson. 1970; Brossi ct al.. 1986). Acetylcholine thimide, neostigmine bromide,
edrophonium chloride and (-) physostigmine sulfate .-yre pwchascd from Sigma Chemical

Co. (St. Louis, MO). Pyridostigminc bromide was supplied by the U.S. Army Medical
Research Institute of Chemical Defense (Aberdeen Proving Ground, MD). AU solutions

were prepared before each experiment.

Statistical analysis EDROMOMUM

The data are expressed as means I.
"t SEM. The two-tailed Student m-test was

used for statistical comparisons. Values of H oC
• P<O.05 were considurcd statistically sig-

nificant. PYRIDOSIGMINE

Results 3.C 0-o -N-'c N3

0CH
Nerve-elicited endplate currents

The effects of ncostigmine, NEOSTIGMINE

edrophonium and (+) physostigmine (Fig- (H3 C0•' O-C-N--CH3
ure I) were analyzed on the macroscopic 1•o

endplate currents (EPCs) elicited by nerve

* stimulation. At low concentrations, the

ChE inhibitors neostigmine, edrophonium (+)PItVSO TGME'E
(Figures 2 and 3) and pyridostigniine (Pas- Y

cuzzo et al., 1984) produced effects typical N-C,3

of AChE inhibition on the EPC parame- 0 H

ters, i.e., increase of both peak amplitude N

• and rEpC without significantly aitering the H3  HIN3

voltage dependence. Above 10 p.M, al-

though these three agents did not produce 0 PIY[]SMLIfNK
further changes in T'rflC and in its voltage CN4
dependence, the peak amplitude was signif- O-C-N-C
icanty atenuated. This effect suggested I. Hs

* some type of ion-channel blockade. N 0 H

For (+) physostigmine, the lack I

of significant anti-ChE activity could be

electrophysiologically shown by the ab-

sence of a typical increase in peak ampli- Figum I - Ch* .ta n of 0* Siv aM
tude and prolongation of the 'r:pC (Figure the carbawm V .miu 0 , a"d the

* 4) described for ChF. inhibitors In con- me5oise"WbmrWd$piN.
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Figure 2 - Cotncnltratin. ani voltagc.dcp.ndcnt cffcts of ncostigtfinC on the current amplitude And the
decay time constant of WiC. L/-ft: Current-voltage (O-V) relationship in the absence (0) sad presence of
neostigimine: 1.0 La.M (0); 10 a.M (A) and 100 1WM (6). Right: Relationship between the decAy time
constant of the IPC and holding potentials. Each symbol represents the mean t SEM of 6 fibers from at
least 6 muscles.

trast to its (-) isomer (Shaw et al.. 1985), (+) physosgtgmine (0.2-2.0 I.M) altered neither
peak amplitude nor tEpC. !n spite of being a very weak ChE inhibitor. (+) physostigmine.
similar to (-) physostiginin:. affected nicotinic AChR function through direct interactions
with its different sites. As shown in Figure 4, at higher concentrations, (+) physostigmine
blocked the EPCs by decreasing the peak amplitude and shortening the decays of the EPS in
a concentration- and voltage-dependent manner. The current-voltage relationship was

decreased with no alteration in the linearity observed under control conditions, except at 120
p.M (+) physostigtnine, when a slight upward concavity at potentials between - 120 and - 150
mV could be discerned (Figure 4). "rpC decreased linearly with increasing drug
concentration (inset in Figure 4). Concomitant with a decrease in rErp. as the concentration
of the blocking agent increased, the steep voltage sensitivity of 'EPC (characteristic of the
.iPC decays under physiological conditions) was gradually reduced in such a way that 1

greater blocking effect was observed at more hyperpolarized potentials (Figure 4). Single-
exponential function of the EPC decay was not altered in the presence of any concentration
of (+) physostigmine tested. These alterations could reflect the shortening of single-channel

currents observed in the patch-clamp recordings and may be explained by the sequential
model for open-channel blockade (see below) for drugs with a very slow unblocking rate

constant (Ruff. 1977; Adler et al., 1978; Ikeda c al., 1984). According to this model, the
values and the exponential dependence of the forward rate constant of the blocking reaction
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Figure 3 - Concentration. and voltagp-dependent effects of edw m the cnrr amplitude and the
decay time constant of the EPCs. Left: I-V relationship in the absisee (0) and pretsnc, of edrophonium:

* 0.1 A.M (0); 1.0 A.M (A); 10 t.M (0) and 100 A.M (A). Each point represents the mean SEM of 7
fibers observed in at least 5 muscles. Right: Relationship between the decay time constaiat of the EPCs and
holding potentials.

can be determined front the slopes of the 1 'TEr.c vs (+) pihystsaigntin concentration plots
obtained at various holding potentials (inset in Figure 4).

* Except for (+) physostigmine, concomitant alterAtions of EPCs dtue to ChE

inhibition precluded the blocking effects front being fully expressed. For a more quantitative
assessment of the mechanism(s) underlying the direct interactions of anti-ChE agents with

the postsynaptic AChR and to attempt an explanation of the apparent dissiumlaritics observed
among related anti-Chli agents, patch-clamp studies were thd= carried out on single fibers

isolated from adult frogs. Enzymatic dissociation of these fibersdestroyed practically all ChE
* activily.

Single-channel analysis

Agonist property of neosfigttnne. edrophoniun and ,yridbsigdtigm

The potent ChE inhibitors neostigminc as well as pyrndetipymcm and edrophonium

showed very weak or no agonist activity at the nicotinic AChR of the adult frog muscle
fibers (Table 1). Ncostigmme elicited channel activation wivt rare multiple simultaneous

openings, without significant membrane dcpolarizatkm and imsequmN nmscl contraction.
Nevertheless, it seemed worthwhile to attempt an analysis of airnime-elicited currents

/
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140 inV. Solid lines repre.nt the best fit obtained by linear regressiow.

and determine the relationship between a'gonist structure and channel operation. As shown in
Figure 54 at negative holding potentials, nostigmire (20-100 ).a.M) activated inward currents
(downward deflections) it bursts of successive fast openings and closures. From the current-

voltage relationship, single channel conductance was determined to be: 31-32 pS, a value
similar to that reported t'r ACh- 2 ctivated channels (All)n a aL, 1984). Although low
frequency of openings precluded dftailtd analysis of these c or morts, .eigher ieostigmine
concentrations induce d dicreasd channel open times within a thist and increase d nutnber t f

fast intraburst closures (Figure 5). These effects, taken together with the findings that
neostignune. as well as olther (ThE inhfibitors tested, blocked channels activated by ACII (see
next section) t a concentration range lower than that ncesary to induce agonist activity,
suggesteth ththis agent iny block its own chscnuels in the apet conformation. Ahowevr, as
discussed later, the blockade induced by concentrations of neostigine higher than 100 PeM
no longer followed the predictions of the msioel used for andlyus since the burst duration

decreased.
'.drophonium antd pyridostagmine were practically devoid of agonist activity. In

adult frog muscle fibers cap to 200 .M pyridostigmine did not activato chane3ls, even those
of low condwtance (10 pS) previously reported in rat myozals (Akaike et al., 1984).
Edrophonium produced some openings but only at concentrations higher than 100 p.M.
Open-state currents were noisier when compared to closed-state or open-state currents
elicited by ACl or other agonists (Figure 5). Tee se openings tended to disappear at
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hypcrpolarized potentials Table I - ChE irdtibliory acti vity and eg~aw avA danogopmuproperfies of

and reappcared after a reverible C/aErinhibitors at rnsuceACM.

period of depolarization AChE acivt wa mes red Inne frg sarsorius madce
suggesting occurrence. of hoinogenates using Llimnuns modirsed anmld. The IC50 values were
somte type of deseflsitiza' obtained fromt a log response curve ofat least four dams amd three
tion. determtinations were made for each 6am. Agminst propery is the

concentration nececssary to elicit smm "ivatao (1-2 openings per
second). Pyridostigmine at concenladw. up to 200 li.M did not pro.

Reversible blockade of duce AChR activation. Noncompefitrinesaganirn is the concentraton

ACh-activai'ed channels by neesr odces h channel opes ltie by show 50%. Data for -

ChtE inhaibitors tedtdhwts. 95

Neostigmu'ae Chl3 AChE inhibitiem Apoam Heaompedlive
inhibitors ICS0 ($4m) "W"9er anrgmsam

In contrast to j) (iM
ACh (0.4 i.M) which acti- Neostigmine 0.7 >20 2
vated sqiuare-wave currents ['YridOstigntinc 8 > >200 2

with few flickers, when Edrophonaum .I I > 100 2
nestgmnews ncudd t (-) Phywsosimine 4.8 0-5-1.0 >20

(+)Pgie a ncucda hysostigmint 195 >10 5
various concentrations

NEOSTI(;MINE SO iIL

EI)ROPIIONIUM 100 ILM

--

6Smj
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ACh 0.4 lLAt A'Ih 0.4 ,LM + NOSTIGMINV S P.It

ACh 0.4 pM + NEOSTIGM(IN I p.l ACh 0.4 9,1 + NFOSTICMINK 20 ILM

.25 (nas)P

Figure 6 -Samples of ACh-activatod charne cumubl sa the ptsec of neostsgmine. Singie-channel
currents were recorded with I p.M. S p.M sad 20 p. o1" ecusiigmaa in dth patch pipette containing ACh
(0.4 V M).

(0.1-50 I.M) in the patch pipette solution containing ACh (0.4 j.M), wcll-defincd bursts
were recorded, with the open-stame currents inerrupted by nany brief flickers, suggesting
blockade of the channel in its open state (Figure 6).

The data were analyzed using the simpic sequential modcl for open channel
blockade described for many noncoinpelitivc blockers of the nicotiziic AChR (Ruff, 1977;
i4cher and Steinbach, 1978; Aracava et a.. 1984) and shown below:

k1 12 1)1.3nIA + R '.... -A,,R -w A*R" - AaR*D
k.I k.2 ý D -

where n (usually two) nmlokcttds of A (the agonist) bind to R (the receptor in the resting
state) to form AnR (the agonist-bound but nonconducting state) which undergoes a
conformational change to AnR" (the conducting state). ThiLs state is more likely than the
others to be blocked by D (the blocker) and frums AR*D, a state with no conductance.

Analysis of the open state showed progressive shortening of the duration of the
openings within a burst (open times) with increasing concentrations of neostigmine (Figure
7). At higher neostigmioc concentration, mean burst tinis (-ib) were prolonged, thus
nmaintaining unaltered the total open tim per burnt. Single exponential distribution of the
open and burst times observed unde control conditions was maintained with all the

I;
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100.0-

..10 .0........ .

z

Figure 7 Effects of ncostigminc;
on the open times of ACh-activaled
channels. Voltage dependence of

mean channel open times under
control conditions (*) and in the
prexnce of n.-ostigmine: 0.1 lLM
(0); 2 IM (A); 10 IlM (6); 20
lLM (U) and 50 p.M (E]). Solid
lines represent theh esfiM obtained 0.l1- 1 1 1 1 1 1 1 1 1 1
by linear regrcstion. -220 -180 -140 -100 .60

IIOLDING POTENTIA L (m V)

concentrations tested, which indicated the existence of only one open state. At -120 mV
holding potential, the mean open tunes ('ro) were decreased front 11.5 ins (ACh 0.4 PM) to
1.8 rns (ACh 0.4 la.M plus ncostigntint 10 pM). The shortening of these intraburst openings

was strongly voltage dependent, in such a way that hyperpolarization produced greater
blockade of the ACh-activatcd currents. Exponential voltage- and linear conc'ntration.

dependence are predicted by the nmdel and described by the first order equation I/r"o -

k.2 + k 3 IDI. Under control conditions reflecting the voltage dependence of the closing
rate constant, k. 2 (see inset in Figure X). rro and i"h mean burst times (,rb) of ACh-acti-

vatcd channels discloscd steep dcpendence on voltage, so that Ihey were more prolonged

at hyperpolariced pol'titials. In tei prcsence of D, the voltage dependence of 'o depends on
tli contributiom of the k. 2 and k 3 with olprroing voltage sensitivity. the latter anipliflied

by the concentration of D (teostigmine). Accordingly a gradu:l lon of the voltage de-
pendence of "ro under control conditions and even a mverAl of the slope sign were oh.

served as neostigntine concentration increased (Figure 7). A linear relationship between

ll'ro and concentration of the blocking agent at various holdian potentials was observed
in tlhe presence of nestigmine up to 50 1.M (Figure 9). From the slopes of these linear
plots obtainod for various holding potentials, the forward bkoc.ing rate. k3 - was calcu-
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4.0.

"a 3.0-

z0
2.0,

z
F3.

Figure 8 - Rel~tionship betwcen the z -3.
z 2.9

reciprocal of the mean channel open 1.0
time and neostigmine concentra- 21. ~ A~

tion. Holding potentials: -95 mV " Us
(0); -125 mV (0). -155 mV (1) .

and -185 mV (0). lIset: V.ltage 1J 1
dependence of k.2, k3 anu k-3. 0 m ,m•,.vu
.olid lines are the best fit obtained , -+ .
by linearregressioa. 0 10 20 30 40 50 60

NEOSTIG•,WNE(t.&1)

lated and its voltage de- Table 2 - 81ockin.L kLaetics of the revers,& CAE iMibiws at Ci W

pend cnce determined (inset channelsactivtedbyACh.

in Figure 8 and Table 2). The currents were activated by ACt (0.4 ;LM) is the presence of

Above 50 tLM concentra- carbamates. Data obtained at a holdiag potaia of.-12SmV. Nmaber

tion. rincarity was no longer in parentheses are the voltage vatiatim (mV) that poduces as a-fold

observed and Tb instead of change. (+) Physostigmine produced a very stable blokade. thus

increasing. bccan:, shortcr, preventing discrimination between tL7 blc- stak and oter -",wd
states. Data for (-) physoaigmine tauen from Shaw e al.. It-85.

departing from the predi4;- and Cie k 3 value was dctermi.ned from te EPIC data

tions of the scquential
model.

Blocking k3  k.3 KDBursting- typa: agent (mvl- p.M- ) (mi- ) (pM)

ac tiv ity g e n e ra te d in th e agent _ _ _ _ _ _ _ )_ _ _ _ _ _) _ _ _ _ _ _

total closed-time histo- Neostigmine 0.047(165) 2.0(79) 42.5(50)

grams two distinct popula- Edrophonium 0.056(1909 2.1(5) 37.5(50)

lions of shut times, a fast Pyridostigmine 0.172( 92) 2.4(35) 13.0(46)
(+) Physostigmine 0.015(297)

component corresponding (-) Physostigmnine 0.015 about 4.0
to, the num erous brief i,,- _ _..... .. ...... .. . . . ......

traburst closures and a slow

component containing the duration of the nonconducting stats before chamnel opening (R

and AnR). The intraburst fast closures were interpreted as the duration of the channel

blocked state (AnR*D). According to the sequcntial model, the AChR egresses from its

blocked state only through blocked-open transition described by the rate constant k 3 . The
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values of k3 can be cxperimentally determined from the reciprocal of the mean blocked
times C'me constant of the fast component, 'f). As expected, if tle binding site for the

blocking agent is within the electric field of the membrane, k 3 as well as k.3 had exponential

and opposite volkage dependencies, k_3 values decreasing with membrane hypcrpolarization.

In contrast to re. no significant change in Trf values was observed with increased neostigmine

concentration, in agreement with the predictions of the sequential nodel. The values of k.3
determined from the reciprocal of 'f, and its voltage sensitivity nre shown in the inset in
Figure 8 and in Table 2.

In addition, as predicted by the model if the blocked state has no conductance,

single-channel conductance

was essentially unchanged, i.e., 100.O
similar to that of ACh-

channels (32-33 pS at 100C).

Edrophonium

This agent prod-iced .O

alterations in the currents - 10.0

activated by ACh similar to 0 0

those observed with neostig- z 0 -

mine, i.e., it induced bursts of .

numerous rapid openings and "

closings without chaagiiig sin- z

gle channel conductance (Fit- <
ure 9). A similar concentration =

and volta&a dependence of r"o <
was observed up to 50 JLM .

edrophonium (Figure 9). Burst
times were prolonged with in-

creasing concentrations of
edrophonium. The k3 .atul k.3

values and their voltage de-

pendence were similar to thuse

found for neostigotinc (Table,
2). In addititn, as also ob- .220 .I5@ .140 -10 .-60

served for neostigninc, the IIOLDI)NG(: I'OTENTIAL(mV)

linear rclationship between Pieute 9 -Etfel o1" cdrphonium on die open time of
II'ro and edrophoniunt con- ACh-ajcivated channels. Volta1,e tkpemknlet of mean channel oflI/-ro ~ ~ ~ ~ d, an €d-poin on tetne ontrol cmtiora (O) &Wi te t d•presecex of"
ccntration no longer occurred Wrnium I condiio (0 and in MW 50 ofcdrophonium: I lLMk4(O). 5 tim ( &;,:.OLM (A) and 50 ,'~4 11).

abovy 00 ýLM and total burst Solid ties reesemn Ikhc bcsl fil obta,.c. by linea regestsion.

duration dccre;e-cd, indicating

a departure from tle predictions of the sequential model.
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PI'idosligmine
ACh 0.4 I-M + iPYRIDO-STI'AIGINE, 10 AM

This ChE inhibitor 0-4 M : :R":-ANE t . NI
also induced a bursting- .l
type activation when ad-

mixed with ACh at conccn-

trations. between 2 and 2t00 '~flJI~fiJI~t'"~
jp.M (Figure 10). Concen-

tration- and voltagc-dc-

pCndent shortening of ihc AZ h 0.4 N LM + YRIDOSTI(;MINF 25-2"

intraburst openings follow- ORI Iqj¶11[1 •1'•J•
ed the predictions of the

sequential model up to 25
i.LM pyridostignine (Fig-

ures 10 and It). A linoar
relationship between To and t 0.4 p + i'yRitjo.Ft;N11NE 40 un

pyrido-stigminc concentra-

tion was observed. The k3  
.

values and voltage sensitiv- I IV
ity are shown in Table 2. _-_ _--_ _

Analysis of blocked thincs
at various holding, poten-

tials provided k. 3 values
ond its exponential depend- -______ _________

ence on 'Voltage (Table 2). - " I ' ,
In comparison to ncostig-

mine 4nd edrophonium, _.'t

both blocking and uablomk- 2S(ms) "'
ing rates were faster, re-

suiting in smaller KD v hFigLre ;0 - Samples of ACh-activated chamPnas in the presence of

ucs. Above 25 p.M, a con- 10 LpM,25 tp..4Op.M and2OOlMofpyridostigminr.
centration-dcpendent de-

crease in the amplitude of the open-channel current was observed. For example, at 25 and

100 ILM, single-channel conductance was 25 pS and 17 pS. respectively. Single channel

conductance appeared to be lowered most likely due to marked shot toning o. the intraburst

openings which became too brief to be recorded at a filter bandwidth of 3 kHz. As men.

tioned in the Methods Section, holding potentials were determined indirectly from the

conductance and current amplitude valtic. In F~igure 11, at 25 I.M, holding powntials were

calculated from the conductance value of 25 pS estimated only front the current amplitude of
opening events with a lifetime longer titan 0.32 ins. At 40 I.M and above, accurate analysis

of theseparamcters was impaired since all events became too brief and therefore their
amplitude was significantly attenuated.

(+) Physostigmine-activated current$: agtrrisl and blockinig aeffects
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At concentrations

higher than 10 ý,M (+) physo- .
stigmine induced channel ac-
tivat-on (Figure 12). Compared
to the (-) isomer which induces
currents with numerous very fast

flickers that contribute to a
noisier current during 0he open
state (Shaw et al., 1985), (+) ,
physpstigmine-activated currents o.0. 0
were square-wave pulses with ,
few flickers similar to those in- z
duced by ACh. However, the T 969
was much shorter than that of j
channels activated by ACh. At z
-125 mV holding potential, mean t
channel open tiri'c was 3.4 ms for
(+) physostigmine (20 V.M) and z
12.5 ms for ACh-activatcd
channels.

*However, increasing
concentrations of the agonist
yielded shorter, well separated
currents, indicating that (+)

physostignune blocks open chan- 0.1 ,.
ncis at concentrations at which it -t60 -1401 -420 -10 -10

* activates them. According to the 'tOLDIMPOTENTUAL(mV)

sequential model, a linear rela- Figure I I Effects of pwid m omim a0 da orm tiMe of
tionship between drug concentra- ACh-activaged channels. Va ' I I - of mea- channel
tionand re f would be open time under control cmJiane (0) ad in dte p Pet of

pyndostigmine: 2 ;LM (st 10 M (A) as 25 I,M (A). Solid
expected. The relationship was lines represcnt hc best fit and by fm aepmi..

found to be linear up to 50 p.M.
*Above this concentration, how-ever, linearity was no longer ived. The blocked times for

( -) physostigmine could not be determined since this agent iivhacd short pulses separated by
long blocked intervals thus generating very long bursts white c" ao longer be reeognized
as bursts. In this case. the blocked state could not be distiieied from the other closed
states.

o 0gBlockade ofACh-activared chamnnel currents by (+) playso.migave

In contrast to the ChE inhibitors described caie, (+) phksomigmime when
applied together with ACh (0.4 j.M) through a patch pipim pmidiced a mor stable

blocking state. A concentration-dependent decrease in chane pma time wa observed
(Figure 12) with no discernible bLtita,; activity. Tie apim hinegraw showed a

0
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ACh 0.4 pLM + (+)PllYSOSTlG(MtNE S I.M (M) PIYSOSTIGMINE 10 pIM

ACh 0.4 p.M + (+) PIIYSOSTIGMINI 20 p.M (+P pHYSOSTIGMINE 20 l.011

2S(ms) P%

Figure 12- Samples ofchannels activated by 10 &Mand2.M of(+) physomigmine (right) and channels
activated by ACh in the presence Of S p.M aad 20 p.M oj(+) pbysosmi (left).

single-,xponcntial distribution with r, shorter than that produced by ACh, as expected for a

slowly reversible open-channel blockade. The To values decreased linearly with increasing
(+) physostigniinc concentration (Figure 13). k3 values deternined from the slopes of the

linear plots are shown in Table 2. The exponential but opposite k 3 dependence on membrane
potentiai, compared to k_2, resulted in the gradual loss of voltage dependence observed as

(+) physostigmine concentration was increased. Indeed, at concentrations higher than 50

l.M an inversion in the sign of the voltage dependence of -ro in relation to the control

condition was seen (Figure 13).
As we pointed out before, the slow unMocking reaction precluded the distinction

of the blocked state from the other closed states and the calculation of k.3 values. The
blocked state of channels activated by (+) physostigmine has null conductance, since
single-channel conductance was not altered at any of the carbar.ate concentrations tested.

Discussion

In this study we attempted to correlate the dmical strcture of related reversible

ChE inhibitors with their agonist potency, channel kinetics and alteration of AChR function
promoted through noncompetitive mechanisms. Thungh they are closely related chemically

and as ChE inhibitors, large variations have been observed among them in relation to their
therapeutic and toxic effects, and .heir antidotal efficacy against poisoning by irreversible

organophosphorus (OP) compounds. In addition, we analyzed the interactions of a synthetic
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cnantiomer of physostigminc. (+) (+) PUYSOSTIGMIN.

physostigminc, with different 100.0..
sites on the nicotinic AChR. This
study was carried out in order to
elucidate the correlation between

alterations of the AChR function
produced by (+) physostigmine

via direct interactions and anti-
dotal property against OP poison-
ing since this enantiomer did not • 10.0:
show significant anti-ChE activ-
ity at the concentrations active on z4
the AChR that could account for -.

0
an interference at the enymev- .. q A
el. Thus, interactions of neostig- z
nmie, edrophorium, pyridostig- ~ ~
mine and (+) physostigmine with ,U
various sites of nicotinic AChR Z 1.0:
were analyzed on single-channel O

currents and nerve-elicited EPCs
recorded from skeletal muscles of
the frog Rana pipiens. The neo- 0.

stigmine molecule contains a posi-
tively charged quaternary aminno-

nium group and a carbonyl I .. is i' ,e S'* ,0
moiety, thus having both fune- -.1 . ,*, ,, rreM.m4,.t,,

tional groups described for ACh .Z20 -.t0 -140 -100 -60
itOt1)INC POTENTiALk (,sV)

and other nicotinic agonists. Even

though the pyridostigmine mole- Figure 13 - Elfects of (4-) fobmignine on Ew open tinmesof

cule contains the same carbamate ACh-activnted channels. Vohap 1 1 4 of mian channel
open times under control coadisins(O) and in the presence of

rmoiety as neostigmine the quater- (+) physostigmine: I p.M (0•L 5 IM(A). 10 o f (A). 20 ILM
nary nitrogen is part of a pyri. (0) and so I.M (0). Inset: Rdliefween the recipiocal

dinium ring. Edrophonium, on the of mean channel open time sod dring , m ratio.. Membrane
other hand, lacks the carbamate po-,nhials: (0) -140 mV ami (0) -t4O mY. Solid lines

rcpercsent the heal fit obtained bly Khew regression. Some points
moiety and possesses a charged were pooled togeher at 70-nV iner~vals of holding potentials.
head at the nitrogen atom identi- Each symbol represenis the av-, ± SD.

cal to that of the neostigmine
molecule (Taylor, 1985).

Comparative analysis of Chi- inhibitory w.tivity shism *m d crephwnum prod-
uces less potent and short-lasting ChiE inhibition. Lack of the eu6i1$ grmlp is thought to
account for weaker anti-Chl- activity and faster kinetics. as it 1c ChPi eatbaniylation.
Indeed, a three-orders-of-magnitude reduction in anti-ChE p)mr is sen with (-)
eseroline, a noncarbarnate metabohite of (-) phyrostigmine (Breaiei aL. WK'•). Accordingly,
the agonist property exhibited by a compound containing only dwe alkyf anmeooi moiety
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such aF mcthyl-, cthyl-, butyl- and pentyl-trimethylanmnonium, shows that an appropriate
interaction of the quaternary amine moiety with a presumed anionic site at the nicotinic
AChR is sufficient to cause channel opening (Aucrbach ct aL., 1983). These agonists have
much lower potency than ACh, and they open channils with a shorter lifetime than those
activated by the ncurotrnsaiittcr (Aucrbach ct ai., 1983). Thcse fuidings suggest that the
hydrogen bond at the carbamate moicty could be important for the potency and stabilization
of [he channel open statc. iowever, this rather attractive hypothesis is not supported by
reports that carbamylcholinc and acetylthiocholine arc weakcr agonists and activate channels
with opcn timcs as short aý those seen in the presence of tetramcthylamnmonium.

Edrophonium induccd some activation of the AChR only at concentrations higher
than 100 l.M. Examination of the currents activated by edrophonium revealed that. in
contrast to ACh- activated channels, the open-state current was noisier than that of the
closed resting state. This may reflect an ultra-fast flickering not discernible at the filtering
bandwidth used in our experiments. Tius, the absence of a hydrogen bond acceptor in the
edrophonium molecule may destabilize the open state of the nicotinic AChR and thus facili-
tate channel closure. IHowever, k2 should be much higher compared to the agonist unbinding
rate constant (k 1, see model) so that the AChR suffers an immediate transition to the open
state again, generating very brief closures. Low-frequcncy activation pre:.ludcd a more
quantitative analysis of ihesc cuacnts. Ncverthcless, open-channel blockade of edropho-
nium-activated channels by edrophoniurn itself could not be discarded as this ChE inhibitor
produced bursting-typc blockade of ACh-activated channels at much lower concentrations
(Figure 9).

In our studies we have observed that potent ChE inhibitors such as neostigmine
and pyridostigmine produced little or no agonist effect. It has been shown that neostigmine is
more poten: than (-) physostigmine and pyridostigmine in displacing binding of [3H]ACh and
[f. 5 !]a-BGT to the receptor sites of Torpedo membranes (Sherby ctat., 1985). It should be

noted, however, that in cultured myoluhcs a significant agonist potency of neostigmine has
been reported (Mcrriam and Fiekers, 1986). Likewise, in cultured myoballs, pyridostigmine
activated low-conductance currents (Akaike et al., 1984) which were not seen in adult frog
muscle fibers. Thcsc findings might reflect some developmental differences of nicotinic
AChRs or a preferential activation of one of the various (at least three) populations or states
of the AChR with distinct conductance and kinetics reported in cultured cells (Aracava at al.,
1984). Some of the differences in agonist potency may rcflcct differences in preferred
conformation, correct distance and angle between the two nin functional groups or depend
on more subtle differences in solvation, charge distribution, hydrophobicity etc. of the
agonist molecule. Indeed, studies of rigid and semirigid analogs of anatoxin (Swanson et al.,
1989) have provided evidence for more conmlex requiremcnts for successful agonist-
receptor interaction and activation of the nicotinic AChR. For example, quaternization or the
presence of a charged nitrogen group may actually decrease rather than enhance agonist
potency if other subtle requirements are not met. This point is well illustrated by preliminary
results on the quaternary analog of (+) anatoxm-a, N,N-dimethylanatoxin. whosc agonist
potency at nicotinic AChR is about 1000-told Ils than the natural toxin (Costa et al., 1988).
Subtle differences may also explain the large differences in the pitencies of tetramethyl-
animonium and ACh in activating various cholinergic receptors, so that, whereas both
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agonists are equally potent at the ganglion level, 100- and 1000-foki Itigher potency was seen
for ACh at muscle nicotinic and muscarinic receptors, respectively.

The (+) physoistigmincnt study revealed a three-point iicrxc~on between the
active center of acctylChE and carbainylestcr agents. This synl~elic enarniomner showed
reduction of two or more orders of magnitude in its ability to ~id" both blood antil skeletal
nmusclc AChE compared to natural physostigmine (Table I and Alliuitierquc et aS., 1985). A
siinilar magnitude of stcreospccifi.:fty is exhibited for nicotinic j~mi~1s as disclosed by (+)
anatoxin-a, a natural toxin with a semirigid molccule which is Ahm 10 times niore potent
than ACh in activating mnusclc AChiR (Swanson ct al., 1986). However, although devoid of
anti-ChE activity, (+) physostignune revcaled agonist potency, acivtating AChR channels at
concentrations higher than 10 i.LM (Figure 12) and alicie AChR. function via
noncompetitive sites (Figure 13).

With rcspect to the influence of agonist structure esciastnel operation,(+
physostigniinc induced openings with% shorter ro than ACh. but with no apparent bursting
behavior. Comparison of agonist potency between (+) physostigle and the (-) eniantiomcr,
(Shaw et al., 1985) showed that (-) physostigminic is able to scitivate the AChR at con-
centrations as low as 0.5 p.M. Morcover, curren ts acetivated by the (.-) isomner were
interrupted by nuinerous fast flickers which contributed to an iicleasd anise iciel of the;
open-state current, a pattern different front that seca with (+) phymainspine.

Neostigmine, on the other hand. clearly activated burstimg-type currents At thie
lowest concentration lised to tes.-t agonist property (about 20 JsM). this agent induccd
currents with a burst duration slightly shorter than that of currens generated by ACh.
However, the events w=ar not freqluent enough to provide a dea picture, and the bursts
induced by neostigmnine seemed to result fronti the blockade of I Ies inl the open con-
fornr-tion. Increased flickering and shorter open times wid inreasing naostigmine
concentration and a concenitration-independent and voltagc-drpcdent behavior of the
duration of these flickers were sonmc of the indications of sequeatia open-channel blockade
at the sanme concentrations at which this agent acted as an agonisL

The blocking properties of these agents were cxansin is nwce detail by ana-
lyzing the curren~ts activated by ACh, a much stronger agoniaL Ednrtophniumi and nco-
stigminc, in spite of their clear functiotial difference, i.e.. tfie inmtws lack of a carbarmate
group, showed a similar ability to block the AChi-activated ehaW in its open state. ks L3,k
and kD) values and their voltage sensitivity showed a surprisin* cnt similarity (Figur 8
and Table 2). Pyridostiginine produced an es~sentially similar revelile blmockade, but with
sinaller KD. Blocking anmd uniblocking rates were fiaster than thumdrinincd for the other
two ChE inhibitors. This finding suggests that for the interaction at& the ion-channel site to
produce open-chiannel blockade thie presence of a charged itcdis sufficient for the
interaction with ion channel site and thie additional presence of a hbdrogcn bond does not
enhance thie. blocking rate or further stabilize thie blocked state. A doaease in single-chiannl
conductance was obscrved with pyridostiginine at concentrations> 25 p.M. A decrease in
channel conductance has been described at high concentrations of A(3(SimeauW Steinbach.
1984) and with (-) physostiginiiuc (Shaw ct al.. 1985). This effect psh~ly resulted from the
fast blocking and unblocking rates originating intraburst openl we brief to be fully
detected with ft,, filter bandwidth of 3 kiltz.
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Thc differences in unblocking ratc becamne vcry clear between (4-) and()
physostigmincn (sec structure. Figure 1). As reported by Shaw ct a]. (1985), currents activated
by (-) physostigminc either alone (acting as agonist) or in the presence of a fixed dose of a
strong agonist such as ACh (acting mainly as noncotipetitivc blocker) appeared as bursts
composed of very fast Mlckers that could not be well resolved at the filtering bandwidth of
the recording system. (-) Physostigmine activated AChR channels, inducing bursts with
duration no longer than control ACh-activatcd currents, most likely because of little
contribution of intraburst flickers to the total burst length. The channels activated by (+)
physostigmine, on the other hand, were well spaced with no discezniblc bursts. Similarly.
currents activated by ACh in the presence of (4-) physostigmine were widely spaced. This
pattern was interpreted to result from a long-lasting blockade which makes it difficult to
distinguish the blocked state fromt the normnal closed or resting state. Also, with (4-)
physostigmine alone a comparable stable blocking reaction sceemed to occur, thus indicating
that (4-) physostiginiine activates and blocks the nicotinic AChiR at similar concentrations.
This type of long-lasting blockade has also been described for other dru~gs such as the local
anaesthetic bupivacaine (Aracava et aL. 1984) and QX314 (Neher and Sthinbach, 1978) and
with the OP compound VX (Rao et al., 1987). In addition, a concomitant activation of
channels by both (+) physostigrnine: and ACh cannot be discarded (Merriam andl Pickers,
1986). It has been reported that when in the presence of two different agonists, the mean
channel open time is controlled by the faster agonist (Trautmann and Feltz. 1980). The
presence of only one exponential in the open time histogram can be explained by the fact that
(4-) physostiginine has a low potency as an agonist, and the meant open time of its channels is
similar to that of the ACh-activated channels modified by (4-) physostigmine. Thus, its
contribution is masked by the larger number of channels activated by AOL.

In addition, somec of the data departed from the predictions of the sequential
model for open-channel blockade. For example, the moxde predicts a concentration-
dependent increase in burst length as the number of flickers increases in the presence of ttc
blocker, so that the total open times; jer burst remain equal to control ACh currents. In the
presence ef pyridostigmine, up to 200 l.LM. Tb values were not significantly decreased.
although a significant shortening of open times during bursts led Zo an apparent decrease in
single-channel conductance. flowever, at concentrations higher than 50 p.Mv the blockade
induced by neostigmine and edrophonium departed from the predictions of the sequential
model as mean burst times (Tr,) became shorter. Additional blocked state(s) and/or pathways
for channel closure other than through the open state probably account for these experi-
mental findings.

The blocking effects of pyridostigmine (Paseuzzacet al., 1984), edrophonium
(Figure 3) and neostigmine (Figure 4) on the macroscopic currents were only reflected in the
depression of the EPC peak amplitude. With all compounds tested, clear depression of EPC
peak amplitude was observed, resulting from the presence of numerous closures during the
open state and/or decrease in the frequency of channel activation. since-single channel
conductance was not different from control ACh-activated currents. rUPC, however, was
not significantly decreased as has been reported for (4-) and. (-) physostigintin. First, the
Chii inhibitory activity masking the blocking effects of these agents; second, the burst length
that u1.iiately accounts for thie EPC decay. Both factors contributed to a clear decrease of
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rEpC in the presence of (+) physostigmine: the lack of significant ChE inhibitory activity
and the stable blockade of ACh-activated currents generating widey separated short puises.
As expected, a single exponential decay with a smaller Tr was found for this (+) enantiomer.

Concomitant ChE inhibition produced by edrophoimnm neostignune and pyri-

dostigmtine on -rEtC did not allow visualization of any blocking eff=ts on the EPC decays.
Although the presence of a biphasic MEPC and EPC decay had been described for neo-

stigmine (Magleby and Stev.-ns, 1972a,b; Gage and McBurney, 1975; Kordas, 1977; Fickers,
1985) and for edrophonium (Goldner and Narahashl, 1974), the EPC decay at concentrations
used by us was always a single exponential. We may point out at least two factors con-
tributing to these differences. Macroscopic currents should decay momoexponentially with a
Tr that primarily reflects distributions of burst durations (,rb), sinc intrabwst closures were
brief compared to open-state durations. As we mentioned above, ¶b increased in the presence
of these three ChE inhibitors. However, it should be pointed ou thai (-) physostigminc, a
strong ChE inhibitor, has been reported to produce a significo decrease in T'EpC beyond

control values (i.e., the level at which the ChE is fully active) (Shaw el al., 1985). A
correlation with the single-channel recordings revealed that crrmts activated in the
presence of (-) physostigmine were interrupted by very fast flickers The increased current
noise during the open state indicated unresolved very fast closres. The large number of
these gaps might have significantly decreased the total current per opening. This effect
associated with a significant decrease in the frequency of openings via mechanisms such as

competitive blockade (as a partial or weak agonist) and noncompetitive an'igonisms such as
desensitization and open-channel blockade could account for the min powerful decrease in
the permeability of the muscle cndplate in the presence of (-) physostignine.

In conclusion, we have shown that ChE inhibitors have direct effects on the
AChR macromolecule resulting from interactions with agonist recogniion and ion channel
sites. Activation, competitive antagonism and different types of noacompetitive blockade

contribute to different alterations in AChR function. The ChE inhibitory potency seems not
to be well correlated with protection against OP toxicity. Rather. it appears that in the early

phases of OP intoxication, the higher the potency of a drug in reducing endplate perme-
ability, the better is its protection against OP toxicity. A reversible open-ehannel blockade

combined with some agonist property helps to decrease the effect of ACh as its agonist site
and to reduce the ion permeability of open channels. In the later phase of OP poisoning.
when AChR desensitization is pronounced, a drug that can rem AChR from this rather
irreversible state to a more reversible blocked state should be a better protector. Finally, a

drug regimen composed of a partial agonist, a potent open channel blocker and an agent that
accelerates recovery from the desensitized state may be the best treatnent against OP
poisoning.
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INTRODUCTION

The nicotinic acetylcholine receptor-ionic channel (AChR)4 of the
neuromuscular junction, particularly that from Trpedo electric tissue, is
the best characterized of all receptors. It has been functionally
isolated, and the topographic arrangement of the polypeptide subunits and
the amino acid composition have been detailed (Klymkowaky et al., 1980;
Karlin et al., 1983; Noda et al., 1983; Sakmann et al., 1985). The
involvement of some of these subunits in the binding sites for drugs has
been determined biochemically and electrophysiologicasly (Krodel et al.,
1979; Horn et al., 1980; Karlin, 1980; Aguayo et al., 1981; Spivak ard
Albuquerque, 1982; Changeux et aL., 1984; Wan and Liadstrom, .984). In
addition to the sites that recognize ACh and other agonists and also
specifically bind the snake venom ca-bungarotoxin (=-BGT), -the AChRs have
several other sites, presumably located at the ionic channel moiety, to
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Un versity of Alexandria, Alexandria, Egypt.
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Abbreviations used: ACh, acetylcholine; AChR, acetylcholine receptor-
ion channel complex; AP, action potential; a-BGT. cr-bungarotoxin; ChE,
cholinesterase; AChE, acetylcholinesterase; DFP, diisopropylfluorophos-
phate; EDP, edrophonium; EPC. endplate current; EPSC, excitatory post-
synaptic current; EPSP, excitatory postsynaptic potential; ETIM, extensor
tibialis muscle; FTiM, flexor tibialis muscle; HEPC, miniature endplate
current; NEO, neostigmine; PHY, physostigmine; PYR, pyridostigmine; TTX,
tetrodotoxin; TEpC and TEPSC, decay time constant of the EPC and EPSC,
respectively.
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which agents can bind and thereby allosterically modify neuromuscular
transmission (Changeux et al., 1984). These sites bind to a class of
ligands, known as noncompetitive blockers of the nicotinic receptor, which

comprise a large variety of drtugs with distinct pharmacological activities
such as local anesthetics, phencyclldine and perhydrohistrionicotoxin (see
Spivak and Albuquerque, 1982).

Investigation: of the insect neuromuscular synapse revealed a lack of
action of ACh and several other cholinergic agonists and antagonists
(Colhoun, 1963; McDonald et al., 1972), although there is strong evidence

that cholinergic transmission is present in central sy'napses of arthropods
(Corteggiani and Serfaty, 1939; Tobias et al., 1946; Colhoun, 1958).
Indeed, neither a-BGT nor a-Naja toxin affected the transmission in the
insect neuromuscular junction (ldriss & Albuquerque. unpublished results).
At arthropod neuromuscular synapses, the transmitter involved in the
excitatory process seems to be L-glutamate (Usherwood and Grundfest, 1965;
Usherwond and Machili, 1968; Faeder and O'Brien, 1970). The features of
the insect centrnl and peripheral synapses that control their suscep-

tibility to ChE inhibitors are not clear. The relationship between the
toxicity of the ChE inhibitors and their neurophysiological or neuro-
chemical actions in insects has not been well established. Th^. inhibition
of ChE in vertebrates is reported to cause asphyxiation. However, it is
still unknown why many anti-ChE agents are more toxic to insects than to
vertebrates (Hollingworth, 1976) and how the inhibition of ChE in insects
leads ultimately to daath.

In additinn to well known anti--XE properties of carbamates at the

chonlnergic synapses which have been studied in detail by Karczmar and

colaborators (Karc•mar and Ohta, 1991; Karczmar and Dun, 1985), recent
studies carried out in our laboratory have demonstrated that

pyridostigmine interacts directly with sites on the neuromuscular AChR
macromolecule (Pascuzzo et al., 1984; Akilke et al., 1984). Studies with
a number of reversible and irreversible inhibitors of ChE have shown that,
in addition to diruct actions on the nicotinic AChR complex (Shaw et al.,
1985; Aracava and Albuquerque, 1985), these agents interact with the pre-
and postsynaptic components of the insect glutamatergic neuromuscular

synapses (Idriss and Albuquerque, 1985b; Idriss et al., 1986; Rao et al.,
1986). The importance of direct interactions of the ChE inhibitors with

the nicotinic AChR has also been demonstrated in the studies determining

the protection afforded by carbamates against the irreversible ChE
inhibitors (Deshpande et al., 1986). This hypothesis was reinforced by
'he fact that physostigm~ne in its stereoisomeric (+) form, which is 300-
fold less potent to block ChE than the natural (-) isomer, was able to
provide similar protection against lethal doses of the organophosphate
(OP) compounds. The purpose of the present investigation is therefore to 0
unveil the direct actions of the reversible ChF' fnhiltitors, physostigmine
(Pi1Y), neostigmine (NEO), edrophnnlum (F01I), pyrldostigmine (PYR) and the
irreversible organophosphate anti-Chl" agents methylphusphonofluoridic acid

1,2,2-trimethylpropyl ester (soman), methylphosphonofluorldic acid I-
methylethy'ester (sarin), dimeLithyllphoSphoramidocyanidtc acid, ethyl ester
(tabun), di isopropylaminoethylmet hy Iphosphonothio I ate (VX) and diiso-
propylfluorophosphate (DFP) on neuromuscular transmission of the frog and

insect. In addition, the results from the pirotection studies using
- - carbamates and some non anti-ChEi agents in the prophylaxis against

poisoning by OP compounds are presented.
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MATERIALS AND PETHODS

Preparations and Solutions

Frog Nerve-Muscle Preparations. Sciatic nerve-sarýorius muscle
preparations of the frog Rana __pipiops were used for the studies of F.PCs
and fot fluctuation analysis. Frog Ringer's solution kad the following
composition (mM): NaC1 116, KCi 2, C&C1 2 1.8, Na2LIPO4 1.3, NaH2 PO4 0.7.
The solution was saturated with pure oxygen and had a p of 7.0 ± 0.1.
For EPC experiments, the preparations were pretreated ,ith 400-600 mM

glycerol to disrupt excitation-contraction coupling mktie tetrodotoxin
(TTX, 0.3 ,M) was added to the bathing medium to prevemt twitchiz', during
noise analysis experiments. All experiments were csdsected at room
temperature (22-24°C).

Locust Nerve-Muscle Preparations. Fi'iM and LTift o adult Lacu.-ta
_migratqriLa were dissected according to the technique prevlously described
by Iloyle (1955). The physiological solution had the following cumposittal
(mM): NaC1 170, KCI 10, NalI 2 PO 4 4, Na2IIPO4 6 and CaC12 12. This soluLion
had a p1l of 6.8. To decrease the muscle twitch, tle preparation was
treated with glycerol (150 mM) and the physiological somr1on was modified
by reducing CaC1 2 concentration to 0.8 rti, and by additiom of 10 mM
MgC1 2 . For the noise analysis experiments, the concentration of Ca 2 ÷ was
further decreased to 0.2 mM. To tinimize receptor desesitiratron, the
preparations were pretreated with ! pM concanavalin-A 'fo 30 min (Mathers
and Usherwood, 1976). ALI experiments were carried oit at room tempera-
ture (22-24-C).

Is.o.;,tioa --f Muscle Fibers forSingle Ohannel _erdinys. Single
fibers were isolated from the interosseal and lumbricalis miscles of tiue
largest toe of the hind foot of the frog Ltana _pipenso Te physiological
solution used was the frog Ringer's solution mentioned earlier. After
careful dissection, the muscles were treated with cailagenase (Type 1,
Sigma; 2 hrs) followed by protease (Type VI1, Sigma; 29-30 min). During
the protease treatment, the isolation of the fibers was arhieve" by
application of a stream of the solution from a Pasteur pipette. Single
fibers were stored overnight at 5"C in a solution contai•ing bovine serum
albumin (0.5 mg/ml). The details of this technique are described elsewhere
(Allen at &1., 1984).

Electrophysiological Techniques

EPC and EPSC Recording and Annl~sis. The voltage-clamp technique
used to evaluate the transient currents generated by nerve stimulation was
similar to that described by Takeuchi and Takeuchi (195) and modified by
Kuba et al. (1974). Glass microelectrodes filled with 3 1 KCI and having
resistances of 3-5 tFl were routinely used for intracelislar recording and
current injection. Frog. EPC or locust excitatory partzyoaptic current
(EPSC) waveforms were sent on-line to Lhe computer (PiO 11/40 or 11/24) at
a digitizing rate of 10 10Iz. The decay phase (80-20Z) ms fit by a single
exponential (linear regression on the logarithms of t* data points) from
which the decay time constant (T EPC or 'EPSC) was deteromed.

Fluctuation Analysis. hPC or EPSC fluctuations mere induced either
by ACh mLcroiontophoresis (micropipettes filled with 3 I Ach) or by bath
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application of monosocium L-glutamate (15-100 pM) in frog and locust
nerve-muscle preparatio.as, respectively. The method for fluctuation
analysis wa; similar to that described elsewhere (Anderson and Stevens,
1973; Pascuzzo et al., 1984). Segments of records obtained before

(baseline) and during application of either ACh or L-glutamate were
analyzed, and the resulting power density spectra provided single channel

conductance (Y) and channel lifetime (TI) estimates.

Patch-Clamp Recording and Data Analysis. The isolated muscle fibers
were secured in the recording chamber using an adhesive mixture of para-

film and paraffin oil (302:70Z) (See Allen et al., 1984). The bath and

the pipettes were filled with a !IEPES-buffered solution consisting of

(mm): NaCI 115, KC1 2.5, CaCI 2 1.8 and IHEPES 3, and the pH was adjusted to

7.2. TTX (0.3 iM) was added to prevent the fibers from contracting.

Single channel currents were recorded using patch-clamp technique (ltamill
et al., 1981). Mtcropipettes were prepared in two stages from borosili-

cate capillary glass (A 6 M Systems), and after heat polishing they had

inner diameter of 1-2 pm and resistance of 8-10 HMl when filled with

IHEPES solution. All drug solutions were filtered through a Millipore

filter (0.2 pm) before use. An IM-EPC-7-patch-clasp system (List-

Electronic, West Germany) was used to record the single chinnel
currents. The experimental data were filtered at 2-3 Kilz by a .econd-

order Bessel low-pass filter and sent to the computer at digitizing rate

of 10-12.5 Kliz from FM tape. Histograms of total current amplitude and

channel-open, closed and burst tines were provided by an automated

computer analysis program. A channel was considered open when data points

exceeded a set number of standaird deviations from the baseline (usually

corresponding to 50% of rhe unitary channel conductance). Similar

criteria were used for channel closure so that the intervals between

consecutive closures defined channel open time. It should be noted that a

"flicker" or departure from the open state that exceeded the threshold for

closure, terminated an open event, regardless the duration of the gap.
However, a burst was terminated only if such a closure lasted longer than

6.4 or 8 msec. Thus, bursts may be composed of several openings, and may

have appearance of long open events chopped into many segments by

flickers. The details of these analyses were described elsewhere (Akaike

et al., 1984). All recordings were performed at OC.

Protection Studies

Lethality Determination: Female Wistar rats (200-120 g, 3 months
old) were pretreated with a mix of a given carbamate and atropine sulphate

(0.5 mg/kg). The carbamates studied were: (-) PIY sulphate (0.1 mg/kg),
(+) PHY salicylate (0.1-0.5 mg/kg), NEO bromide (0.2 mg/kg), PYR bromide

(0.4 mg/kg). In studies using (-) :I1Y, (±) mecamylamine hydrochloride

(1-4 mg/kg) was added to the pretreatment regimen. These drt,;, were

injected intramuscularly (0.1 ml/10D g body A) 30 min prior to subcuta-

neous injection of a lethal dose of sarin (0.13 mg/kg) or VX (0.05mg/kg;

minimum lethal dose - 0.015 mg/kg). All the drugs were dissolved in 0.9Z
NaCl solution. Lethality was recorded for 24-hr period post-challenge,

and the surviving animais were further observed for tip to 10 days.

Tisqiie ChE Determination: Rlood was collected from the tail vein of

rats anesthetized with ether, and the seleus muscles and brain tissues
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(cerebral hemispheres) were removed aftec decapitatios. Rlood ChE and

muscle and brain acetylcholincsterase (AChE) mere analyzed using the

modified Fllman (1961) procedur.. Protein determination was carried cut
according to the method of Lowry et al. (1951) using bovice serum albumin

as a standard.0

Drugs and Toxins

ACh chloride, (-) PHY sulphate, NEO bromide, EDP chloride, DFP,
atropine sulphate, concanavalin-A, and mooaodtum L-glutamate were

purchased from Sigma Chemical Co., (W) mecamylaanie hydrochloride from

* Merck, Sharp and Dohme Research Labs, and TTX from Sa2kyo Co., Japa.n. PYR

bromide, sarin, soman, tabun and VX were provided bp the U.S. Army Medical
Institute of ChemLcal Defense. (+) PHY was prepared by routes published

in J. Nat. Prod. 48:878-893, 1985. c-dGT and u-Naja toxin were provided

by Dr. M.F. Eldefrawi (Univ. Maryland). All the stcck solutions were
stored at -250C and diluted to desired coaceatratioas with the
physiological solutions priur to use.

Statistical Analysis

Statistical analysis of the data was performed using student's t test
and p_ values < 0.05 were considered significant.

RESULTS

Effects of the Reversible and Irreversible ChE Isbihitors on the Endplate
Currents Elicited at the Frog Neuromusculp.r Junction

• The ChE inhibition at the endplate region by carbanates a. well as OP

compounds resulted in potentiation of muscle twitch, and increased EPC
peak amplitude and prolongntion of TEIpC. F!gure i shows the anti-ChE
effects of (-) PHY on the EPCs which were apparemt at concentrations
ranging between 0.2 to 2 p4. Similar effects were seen with other
carbamates and OP compounds (Figs. 3 and 4), except (+) PiY, which did not
alter the properties of the EPC in a way expected from ChE. inhibition
(Fig. 2). This finding was confirmed by the determsatien of ChE activity
in homogenates of both brain and soleus muscles *f rats using the optical

isomers of PHY. As shown in Table 1, relative to (-) PIY, (+) PHY was
about 90-fold less potent in inhibiting brain CM while a 225-fold

difference was found in muscle ChK activity.

• In addition, at high concentrations, all ChE Inhibitors studied
produced depression of peak amplitude and decrease I& T pC which suggested
direct interactions of these agents with the postsynaptic AChR. These
blocking effects became discernable with (-) NY it concentrations > 2 I1
(Fig. 1). More interestingly, (+) PItY, although ievoid of significant

anti-chE activity at the neuromuscular Junction, prodaced blocking effects
* similar to those of the natural isomer (Fig. 2). The depression of the

El'C amplitude occurred without affecting the liarity of the current-
voltage relationship observed under control conditions. T PC was

shortened in a voltnge- and concentration-depndent =inner, i.e. the
blocking effect was more pronounced at hyperpolarized potentials inducin,
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Table 1. Effect of Natural C-) and Optical Isomer (+) P11Y
on the Inhibition of Cholinesterase in Rat Drain
and Soleus Muscle.

Tissue iC50 (uPH) IC5 0 (+PHY)

()P4Y (+) PRY IC50 (-PIIY)

Brain 3.6 316 90
Soleus muscle 2.0 450 225

Activity of ChE .as determined in the homogenate of
respective tissues by Ellman procedure at 22"C.

a progressive loss in the voltage sensitivity of the EPC decay as the
concentration of the drug was increased. According to the sequential
model for open channel blockade (see Discussion Section). the unblocking
reaction of an "irreversible- blocker is considered to be too slow to
contribute to the EPC decay. This yields a single exponential decay and a
linear decrease of T PC with increasing drug concentration. At a

AU

0% M9

A A,

. .a

IEUN go'sIA&(S

Fig. I Effects of C-) P•IY on the peak .amlitude and decay
time constant of the EPCs. Relationship between the
EPC peak amplitude and the membrane potential (A)
and voltage sensitivity of TEPC (3) under control
conditions and in the presenc- of PlHY. ( 0 )
control, (0) 0.2, (A) 2. (0) 20, (A) 60, and
( 0 ) 200 pM PitY. At 200 PH PHtY, and at membrane
potentials between +20 and ÷60 mY, E and X represent
the T of the fast and slow phases of EPC decays,
respectively. Each point is the mean t SEM of 8 to
24. surface fibers from 2-6 muscles. Inset: Chemical
structure of PItY. (From Shaw et al., 1985).
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Fi~g. 2 Effects of ()PHtY on the peak amplitudce (A) and
decay time constant: (B) of the! fPCs. (0) Control,

S~(0) 0.2, (L\)" 2, (C]) 20 and (A) 60 PH (+) rY.

voltage range of -20 to -150 mV and in the presence of any concentration

of (-) PUY¥ tested. the EPC decay was a single exoetial function of

t ime. Consistent with the predictions of the model mentioned above, a
1 linear plot of 1/-rEpC vs. drug concentration and an exponential voltage
dependence of the rate constant of the blocking reaction (k3) were

observed. Hlowever, when the membrane potential was shiftcd to more

positive potentials in the presence of conceatrations at• PUTY higher than

100 IM, double exponential decays became disceiruible (Shaw et al.,

1985). With (v) PIH¥ (up tc, 6U pM), the decay phase of the EPC remained a
• single exponential function of time at all membrane ptmentials tested.

Semen, satin, VX, tabun and UFP, in addition to their alterations of

EPCs due to ChE. inhibition, produced blocking effects which became laore
evident at high concentrations of these drugs. P~revisly, Kuba et al.
(1973; 1974) have snown that the irreversible ChE inhbibtor' DFP at
relatively high concentrations was able to interact vfth the AChit and

• induce an open channel blockade. Lower concentrations of DFP (< 1 m14)

caused little effect. The effects of DFP on the AMR,• in contrast to i.ts
thE inhibition,, were completely reversible upon washing the nerve-suscle
preparation for about 60 min. In Figures 3 and 4, tba effects of two
other OP compounds, VX and semen, are illustrated. Compared to' DFP, these

agents, as well an tabun and sarin, disclosed blockade *4 thbe ECs at much
•lower doses. At conc,:.,itrations > I tiM they induced a dose-dependent

decrease in T Epc, although the decay was still prolonged relative to

control conditions. On the E pc peak amplitude, at 0.1 pit both VX and
tabur. produced a marginal Increase, but a marked decrease was observed at

concentrations of 1-100 pM. Ibis depression of the EPC amplitude was more

pronounced with hyper polar izat ion, so that, in coatrat.• to control

conditions, a nonlinear current-voltag,. ;:e 1atiantom p was observed.
• IHowever, no time-dependent affect was produced by tble" agents at any

concentration used. While T EP- was not decreased beysed control values,
the EPC peak amplitude was mar~edly depressed. A moce detailed analysis

of VX acti ons revealed that this pattern was not seen on the miniature
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rereen the T of th at n lo opoet

of EC deayrespctivlyin thel presenc ofu

p ig. 3 Concentration- and voltage-dependent action of VX
on E oc peak amplitude (A) and r wB)c (0)
control, (e) 0.1, (,v) T, f n aisedt, and (o)
100 tHsX. In B, the syibols (0) and (i i)
represeet the r of the fast and slow components
of EPC decay, respectively, in the presence of
100 •jI VI. Each point is the mean ±: SEll of 6-15
surface •ibers from at least four muscles.

^ ~endplate currents (HFPP~s). At similar concentrations used to study EPCs.

VX produced depression of both MEPC. peak amplitude and rHp which did
not exceed control values. These findings raised the question of wh~ether
these irreversible ancit-OiE agents might have presynaptic actions, by
reducing the quantal release of the transmitter. Indeed, whl~e the
spontaneous transmitter release uas increased (as show', by increase in

MEPC frequency), VX decreased quantal content during nerve stimulation.

SOMAN

,.. .

MEAEPOt;..~ R : oo*

S 't o a

S000 0 0

00

AII

-160 .464 .40 * 60

UNNORIU P""" 40"

Fig. 4 Effects of somun on the endplate currents. (A) EPC
peak amplitude and (B) . Symbols are: (0),
control; (S). 0.1; (A), ?.e,,d ( 1). 10 uM soman.
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Effects of Reversible and Irreversible ChE Inhibitors oa Single Channel
Currents

1he actions of carbamate ChE inhibitors, KEO, ODW, PUT ln its (-) and
(+) forms and the OP compound, VX, weLe evaluated on single channel
currents activated by ACh at the perijunctional region of the frog inter-
osseal and lumbricalis muscle fiberG. The negligible presence of ChE in
these fibers and their suitability for patch-clamp recordings (Allen et
al., 1984; Shaw et al., 1985) have enabled the studies of the direct
interactions of these anti-ChE agents with the postsynaapic ACh&. Cell-

attached recordings were performed using a patch pipette filled with a

solution containing ACh (0.3-0.4 jl?) and a desired concentration of each
one of the ChE inhibitors under study.

The direct actions of VX on the single channel pcoperties were
assessed using noise analysis and patch-clamp techniques. CPC fluctuation
analysis carrimd out in a preparatiot, pretreated with DFF showed that VX
at 25 aad 50 AM decreased channel lifetime (TI) to about 73: and 56Z of
the control values, raspectively. The effects of VX on single channel
properties were ix.re clearly evaluated by direct recordings of the
elementary currents. Under control conditiona, i.e. in the absence of

anti-ChE agent, ACh produced square-wave pulses with a conductance of
about 30 pS at 10C (Fig. 5). VX induced alterations in the kinetics of
activation of the AChR without changing the single channel conductance
(Fig. 5). Mostly, the openings appeared as isolated short pulses which

denoted a more stable blocked state compared to NEe and EDP which induced
bursting-type events (see Fig. 7). Dose- and voltage-dependent shortening

__ S, Lb *~a Y ~

AC OL30M Vo "W" A04 . WEt £o
1 1•' Ii I'I1 .. . IllI - I''II•-1 1 ... . . I I .. .T771 I .1' ... i

I V I IIi . I I I I I

Fig. 5 Samples of ACh-activated channel currents in the
presence of various concentrations of VX.
Records were obtained from single muscle fibers
isolated from adult frog muscle under cell-
attached par-h configurat ions. Ptent ial was
held between -120 and -130 my.
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Fig. 6 Voltage- and concentration-dependent effects of
VX on the open channel times. Relationship
between the logarithm of the mean channel open
times and holding potentials from single
channel recordings obtained with ACh (0.3 pM)
either alone (0) or together with 5 (0), 10
(A), 20 (3) and 50 (0o) jM VX.

of mean channel open time (T ) was observed when VX was added at different
concentrations (1-50 U0) to the patch solution containing ACh (0.3 MN)
(Fig. 6). Consistent with the sequential model for open channel blockade
described in the Discussion Section (1), the blocking effects were more
"pronounced at hyperpolarized potentials which resulted in a gradual loss
in the voltage sensitivtty of r with increasing concentrations of VX, and
(2) the plots of reciprocal of T vs. concentration of the blocking agent
were linear up ta 50 UM VX. Single exponential distribution of the

channel open times remained unchanged at all the concentrations of VX
tested. In contrast to OP compounds such as soman and most of carbemates
(see below), no agonist effect was detected for VX at concentrations up to
50 Jim.

The carbamates NEO or EDP when added at concentrations ranging from
0.2 to 50 tjM to the patch pipette solution contpining ACh (0.3-0.4 PH),
produced t'pLcal bursts composed of many openings And closings (Fig. 7).
The alterations were kinetically consistent with the blockade of the open
state of the ionic channels described by the sequential model (Adler et
al., 1978; Neher and Steinbach, 1978). As illustrated for EDP, the
duration of the openings within a burst was decreased in a concentration-
dependent manner (Fig. 8A), :.uch that linear plots between the reciprocal
of mean channel open tine (I/T ) and drug concentration were observed.o

The distribution of the closed times showed two distinct components, one
fast due to the fast closings within a burst (blocked state) a..d a slow
component related to the interburst closed intervals. According to this
model, the mean ot the fast component (Tb) corresponds to the reciprocal
of the backward rate constant (k_ 3 ) of the blocking reaction. The
analysis of the fast component shoved that the number o: fast closings was
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Fig. 7 Effects of edrophonium (A) and neostigair.a (5) as Ak--e¢tra'•d
channel currents. Pipette solution: ACh (0.3 dO tither plus LJP
(5 0H) or NEO (100 0N). Holding potential: -14@M.

increased and the duration prolonged in the presence of these blockers
compared to control conditions (Fifg. 9). The fast cmponeant, although
independent of concentration of the blocker, was pralhd wtrh hyper-
polarization, as predicted by the model (Fig. 88). The alterattems to
the kinetics of AChR activation occurred without signlfU04 change in the
single channel conductance, which suggested a noucaidecti g bt*cked
state. In contrast to PIHY (see below), NEU and EDP 4Ladioed gaelstLc

A

1 AChC .3 I4 -+OF*"

OW 2

Fig. 8 Volt age-dependence of the open (A) and block ed riJms (9) of A•h-
actitvat;ed channels in the presence of edrophon~ma. IPatch piptti~es
were filled with ACI• (0.3 UHM) either alone or toethe•.r withb
dtffcrent: concentrations of EDP.
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Fig. 9 Histograms of fast closed (blocked) times of
AChR activated by AOh in the presence of
neost igmtne.

action only at high concentrations (Fig. 10). NEO (> 50 vM) generated

short channel openings which tended to appear in bursts. EDP (>200 •JH),
on the other hand, activated altered currents similar to those observed

with (-) PHY (Fig. 13). EDP-activated currents rapidly disappeared at

hyperpolarized potentials, but they -could be recorded again after an
interval at depolarizing potentials.

In the presence of (-) PiHY (0.1-600 INH), the activation of ACh

channels .ppeared as irregular and noisier currents interrupted by many

short gaps (see Shaw et al., 1985 and Fig. 11). These events were induced

JA

A o e o p sm I 0U YU. k . ll _ . .

Fig.10 Edrophontum- and neost lgaine-act tvated channel currents.
Single channel currents were activated from the peor-
junctional region of frog muscle fibers using a pipette
containinig only the desired MiE inhibitor. Holding
potential: -140 mY.
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at concentration as low as 0.1 IM and had a conductance simllar to those

activated by ACh alone (30 pS). However, at concentrations of (-) PUY

>50 pM, these events became more evident, and a decrease in channel

conductance was observed (18 pS at 200 IM PUY) which was not further

changed at higher concentrations. The histogram of channel open times

disclosed a single expo-entiai distribution at all the concentrations of

PHY tested and shortened mean channel open times up to 200 u4 (-) PH!

(Fig. 12). In contrast to the predictions of the sequential model, the

plot of the reciprocal of this parameter vs. drug coacentration showed a

* Artial saturacion; indeed, no additional decrease in mean channel open

time was observed at higher concentrations of the agent. The analysis: of

the fast closed times (briefer than 8 rsec) r,.vcaled an increased number

of short closures within bursts in the presence of (-) P•Y1, but their
duration was not significantly changed. In addition, (-) F at concen-

trations as low as 0.5 jiM acted as an' agonist, actiating channels with
conductance similar to that of ACh-activated currents (Fig. 13). The

distribution of the open times could be fit to a single exponential
function. Channel activation was suppressed by eitber a-BGT or ci-Maja
toxin which suggested intaractions with ACh recopition sites on the

AChR. High concentrations of (-) PHY (5-50 01) indmced a clear appearance

of those altered events recorded in the presence of (-) PHY together with

ACh. At concentrations higher than 50 UM, PUT generated channel openings

with lower co.uductance.

A- M N

7 Lr I~.f .~ At.aM

Fig.il Samples of ACh-a.;tivated channel currents It the absence
and presence of (-) physosuigmine. Pxtcb pipttee
containing ACh either alone or Ln c&btation with
various concentrations of PHY. (From Sho et a&., 1985).
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Fig. 12 Open time histogram of channels activated by ACh
(0.3 PM) in the absence (A, 959 events) or
presence of (-) PHY at 0.1 (B, 474 events), 20
(C, 728 events), 200 (D, 1980 events) 600 (E,
1628 events) PM concentration. 0, determined
from the fit of distributions to a single expo-
nential function, was: 9.1 (A), 7.6 (B), 5.2 (C),
4.0 (D), and 4.2 meet (E). (From Shaw et al.,
1985).

Preliminary studies using (+) PHY demonstrated that this isomer has
agoniscic property on the nicotinic AChR. The activated ion channel had a
conductance similar to that opened by ACh. In contrast to the natural
PHY, (+) isomer (10 0N) activated square-wave pulses with fewer short gaps
during the open state of the channels. Although the currents activated by
(+) PHY were more similar to these elicited by ACh, the duration of the

mwvsoeY1ftAM m

Fig.t3 Samples of currents activated by (-) PHY and
corresponding open time histogram. Histogram
contains 1088 events, and T was 9.6 meec as
determined from the fit to a single exponential
function. (From Shaw ac al., 1985).
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Fig. 14 (+) Physostigmine-activated channel currents. iolding
potentiai: -120 mV.

open state was much shorter with a mean of 4 msec instead 10 mec, at a
holding potential of -120 mV (Fig. 14). This finding suggested that an
interaction of carbamates with the nicotini: AChR may be involved in the
antagonism of the toxic effects of OP compound since (+) M despite its
negligible anti-ChR activity offered significant protection to animals

exposed to irreversible ChE inhibitors (see below).

Pre- and Postsynaptic Effects of the Anti-ChE Agents on the Locust
Glutamatergic Neuromuscular Junction

The reversible and irreversible ChE inhibitors were studied oa locust
neuromuscular junctions using either ETiM or FTiM. Anmy possible inter-
ference of the CNS with the nerve-muscle preparation was eliminated by
cutting N5 1 am from the metathuracic ganglion. When the locust FTiM was
exposed to (-) PhY at a concentration > 40 pM in locust physiological
solution for 15 min, repetitive episodes of spontaneous EFSPs and muscle
action potentials (APs) followed by silent periods were recorded. This
"spontaneous activity was blocked by decreasing external Ca2+ concentration
([CaZ+] 0 ) to C 0.2 sKi or by washing off the anti-ChE for 60 minutes
(Albuquerque et al., 1985; Idriss and Albuquerque, 1985b; Idriss et al.,
1986).

All irreversible ChE inhibitors used, VX, DFP and tabun, induced
spontaneous firing previously described for PHY. The effect of [Ca2 +1 on
this phenomenon was studied in detail. Using normal ICa2+1 (2 *MM)
spontaneous firing of APs and EPSPs followed by silent periods vas
recorded after a 15-min exposure of locust muscle to DiP (0.5 mH).
eduction or [Ca 2 +]2 to 0.8 MkI abolished the muscle APs but not EPSPs. AS[C0 2+

further reduction in [Ca 10 to 0.2 mK blocked both Ms asd XiSPs.
Similar effects were observed with VX which at 10 PH coaceatration induced
a typical cyclic pattern of bursts and silent periods In the presence of

08 [Ca+20 and 10 mK [Mg +210. Superfusion of the muscle with a
solution of TTX (0.3 4H) blocked the spontaneous repetitive EPSft ad APs
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Fig. 15 Zffect of tetrodoto.n on spontaneous activity
recorded from FriM treated with tabun. A: small min-
iature EPSCs recorded under control conditions at 2 mM
[C1 + 0 ; B: APs recorded after 20-min exposure to
tabun (20 PI); C: record after exposure to tabun •

(20 ItM) plus TTX (0.3 UN); and D: record after 60-min
wash with tabon alone. Membrane potential: -50 mY.

induced by an irreversible anti-Chi agent (Fig. 15). TTX-induced blockade
of EPSPs and APs was reversible upon 60-min washing with a toxin-free

solution containing only the anti-ChE agent. The possible involvement of
cholinergic receptors in this phenomenon was tested (Fulton and Usherwood,
1977). T'rearment of locust suscles with either a-BGT or a-N&aJ toxin
(10 pg/ml) did not block the spontaneous EPSPs produced by ChE

inhibitors. The effect of atropine on this phenomenon was also tested.
Although this agent produces macarinic blocking effects at pico- to
nonomolar range, atropine at concentracions as high as 10 UN did not 0
suppress the presynaptic effects of the anti-Ch- agents studied. When
used at very high concentratoeos (> 20 IM), atropine had direct effects on

the glutamate-induced EPSC.

In addition to presymaptic action. both carbamate and OP agents
interacted postsynaptically at locust neuromuscular synapses. The plot of

the EPSC amplitude vs. mmbre*e potentials between -60 to -130 mV was
linear under control condttiops (Fig. 16). VX (10 uN) produced a de-
crease in TpS and depression of the peak amplitude of the EPSC which was
more pronouncea at hyperpolartzed potentials, therefore inducing a marked
nonlinearity in the current-veol:tag relationship. Similar effects were
observed with DFP (I Mn), which produced a significant voltage-dependent
depression of the peak amplitude and shortening of the EPSC decay. On the
other hand, PAY (0.5-1 mM) caused a significant depression of the EPSC

peak amplitude, but did not significantly change T P$C. These effects of

VX, DFP and PHY on the EPCU were reversible upon washing the prepara-

tion. Tabun, on the other haud, although it produced a marked effect at

the presynaptic nerve termtnal (Fig. 15), did not alter the EPSCs.

The effects of VX on the glut~aa*e-activated single channel currents

were determined from noise analysis experiments performed in the locust
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Fig. 16 Effecta of VX on the locust ElPSCs. (A) current-voltage
relationship; (B) T ES ,. Each point represents the mean t: S.D.
of EPSCs recorded from the same group of FTLM fibers before (0.
4-7 EPSCs) and after 10 pM VX (S, 20-?; EPSCs).

neuromuscular preparation. Hoiiosodium L-glutamate (100-150 pH) was
applied via the bathing medium in the absence and in the presence of VX
(10 uK). VX, at a holding potngtial of -47 mV, decreased channel life-
time from 1.7 to 1.2 mucc (Idriss et al., 1986).

Physostigmine as a Pretreatment Druag Against Toxicity by Irreversible ChE
Inhibitors

Among the carbaumates Zested, the (-) PiHY disclosed the greatest
efficacy against lethal doses of O compounds. All the salmas; receiving
0.13 mg/kg sarin died within 15 min. Kowever, (-) M (O.L mg/kg)
admanistered 30 min prior to injectLon of a lethal dose of sarin provided

marked protection (Table 2; see Deshpande at al., 1986). This protectcing
effect was further enhanced by a coadministration of arepine (0.5 mgkg)
which by itself reduced the secretions but did not pree let.hality. NED
and PYR even at higher doses alone or in combination of aropine shewed
practically no protection effect. The levels of ChE In blood, soleus
muscle and brain tissues of rats receiving the mixture of (-) PHY and
atropine prior to a lethal dose of sarin are shown La Table 3. This
pretreatment protected 100Z of the animals which sliamud a significant
increase in AChE level In the muscle and brain tissue is comparison to
those receiving sarin alone. Ilowever, when the rats recetied a mltiple
lethal dose of sarin (0.65 mg/kg), the pretreatment of tbme animals even
with higher higher dose of (-) t'HY and atropine -- iseffective in
preventing lethality in spite of almost similar level eo ChE inhibition
seen in rats protected against 0.13 mg/kg sarin. This finding confirmed
the implication of the direct effects of OP compounds described earlier in
the overall toxicity of the irreversible ChE inhibitors. 7he hypothesis
involving the direct effects of the caroam•tes on the Vastsynaptic AAhaR
rather than ChE inhibition in the protection offered by •btee agailnt
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Table 2. Effect of Physostigmine, Neostigmine and Pyridostigmtne on
Survival of Rats Injected with a Lethal Dose of Sarin.

Preatreatmenta Carbamate dose I Survived Percent
drug (mg/kg) # Injected Survival b

Nonec 0/66 0
Atropined -- 0/18 0
(-) PHY 0.1 26/36 72
(-) PHY plus atropine 0.1 24/25 96
NEO 0.2 2/12 17
NEU plus atropine 0.2 1/8 12
PYR 0.4 3/19 16
PYR plus atropine 0.4 4/15 27

aThe pretreatment drug mixture was injected subcutaneously 30 rmin
prior to subcutaneous injection of a lethal dose (0.13 mg/kg) of
sarin.

bAll the animals were observed for 24 hr for lethality.
CTheae rats received only a lethal dose of sarin.

dWhen present alone or mixed with carbamates the dose of atropine

was 0.5 mg/kg.

OP poisoning could be were clearly assessed using (+) PHY which has negli-
gible ChE inhibitory activity (Table 1). As shown in Table 4, (+) PHY
when coadmLnistered with atropine 0.5 mg/kg was very effective in
protecting rats againsr a lethal dose of satin. The above hypothesis was
further strengthened by the results from the studies using mecamylamine. a

Table 3. Cholinesterase Levels in the Brain and Soleus Muscles et
Rats Treated with Physostigmine and Atropine and
Subsequently Receiving a Lethal Dose of Sarin.

Freatreatment a Sarin Z ChE Inhbittionb z of
(mg/kg) (mg/kg) Rlood Muscle Brain Survival

Control (None) -- 0 0 0 100

None 0.13 87 71 97 0

None 0.65 H11 82 98 0

(-) PiY (0.l)
plus atropine 0.13 71 32 56 1O0

- Pity (0.2)

plus atropine 0.65 50 42 62 0

aTha preatreatment drugs were administered 30 min prior to injectton

of satin. The dose of atropine was 0.5 "g/kg.
bmn imscle and brain AatE activity was determined.
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Table 4. Effects uf (+) and (-) Optical Isomers of P•1Y on
Protection of Rats against Lethal Effects of Satin
(0.13 mg/kg).

Pretreatmenta Dose Percent
(mg/kg) Survivailb

None - 0
(-) PHY 0.1 100
(+) Piy 0.1 47

0.3 81
S 0.5 87

iThe pretreatment drug mixture also contained atropine
(0.5 mglkg).

bObservation period for recording lethality was 24 hr.

0

ganglionic competitive antagonist with no significant effect on ChE
activity. Mecamylamine significantly enhanced the protection offered by
(-) PHY against multiple lethal doses of VX (0.05 ,g/kg) (Table 5). It
should be pointed out that mecamylamine by Itself wa not effective in
protecting the animals against OP poisoning. The efiectiveness of
mecamylamine may be based on its direct interactions with the cholinergic
synapses of both peripheral and central nervous systems. Although being a
competitive antagonist at the ganglia, mecamylamiae at the neuromuscular
AChR acted as a powerful ion channel blocker via aoaapetitive mechanisms
(Varanda et &1., 1985).

DISCUSSIOU

The present study demonstrated that the ChF iahibitors Pit!, DFP ana.ý
VX have direct effects on the postsynapctc endplat.e interacting with the

* sites on the nicotinic AchR. Such effects have bees suggested previously,
for various anti-ChE agents, by several investigatocs (iuba at al., 1973,
1974; Pascuzzo et al., 1984; Akatke at al., 1984; Shaw at il., 1985;
Araca'ia and Albuquerque, 1985; Fiekers, 1985; Albuquerque et al., 1985).
Our studies based on volt age-clamped EPCs, single chann.el recordings and
noise spectral analysts have revealed that the action* of the carbomate

*) and OP anti-ChP agents on the AChR are manifested in several ways which
include enhancement of receptor desensitization. open channel blockade,
and in some cases, agonistic activity. The electrophyslological findings
have been corroborated by biochemical studies (SLeby et al., 1985) which
demonstrated that ?MIY, PYR and NEO act as agonists as velt sa noncompeti-
tive blockers. PH¥, PYR and NECO i-tduced potentiatio. of AChA desensitiza-
tion most likely date to their agoniLst action (Shaw at il., 1985; Sherby
et al., 1985; Aksike et al., 1984). In addition, we have evidence
indicating that the actions of both carbo-ates cad OP compounds are not
restricted to cholinergic synapses. On the glacanste-mediated neuro-
muscular junction of locusts, these agents prndnuced a marked increase in
transmitter release.
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Table 5. Effects of () Physostigmine and Mecamylamine Pretreat-
ment on Survival of Rats Receiving a Lethal Dose of VX.

Pretreatmenta Dose ISurvived Percent
(mg/kg) #injected Survivalb

None 0/10 0

(±) Necamylamine 4.0 0/6 0

(-) PHY 0.1 7/15 47

(±) Hecamylamine 4.0
and (-) P11Y 0.1 12/12 100

aPretreatment solution also containing atropine (0.5 mg/kg) was

administered 30 min before injection of VX (0.05 mg/kg).
Minimal 1002 lethal dose of WX was 0.015 mg/kg.

bObservation period for recording lethality was 24 hr.

The direct actions of the carbamates may have clinical implications
considering their use as therapeutic drugs in some cholinergic disorders
and as prophylactic agents against poisoning by irreversible Cil inhibi-
tors. Indeed, the results provided by the protection studies disclosed a
great variability in effectiveness ameng the carbaiates in prophylaxis

against OP poisoning (Heshul et &l., 1985; Deshpande et &1., 1986). The
pretrearmen: regimen including the natural PHY and atropine was able to
protect almost all the animals subjected to a lethal dose of sarin (0.13
mg/kg). The same mixture tested against melt ip:z lethal doses of VX (0.05
mg/kg; Lo t 0.015mg/kg) protected 5OZ of the animals. Interestingly,
thia, protection against VX was mrkedly enhanced when mecamylamine (a non
anti-ChF agent, a ganglionic competitive antagonist and a noncompetitive
antagonist at the neuromuscular AChR) was included in the prophylactic
regimen against VX (Table 5). These findings strongly suggested an

additional mechanism rather than OhE inhibition underlying the antagonism
between reversible and irreversible inhibitors. This hypothesis was
further screng~h-ened by the preliminary results of protection studies
using (+) PIHY. This Isomer is about 100-fold less potent than the natural
optical isomer in inhibiting ChE (Table 1). Nevertheless, (+) 1`lY was
very effective in protecting animals against a lethal dose of sarln (Table
4). Under these circumstances, it was of fundamental importance to
Identify the molecular mechanisms underlying the effects of both

reversible And irreversible ChE inhibitors on the pre- and postsynaptic
membranes of the choliner•ic as well its glutamatergic synapses.

On EPCs elicited at frog neuromuscular junction, most of anti-ChE
agents showed two effects: at low conceentrat ions, an increase in EPC

mplitude and prolongation of wLhpC ihtch are indicative of Chit inhibition;
at higher concentrations, a decrease it ampltude and T suggestive of
blockade of the open state of the ca.annels. Most of the evidence for open
channel blockade has been derived from the analysis of EPC decays (Ruff,
1977; Adler et al., 1978; Spivak and Albu4pterque, 1982: Ikeda et &l.,
1984) and confirmed by single channel current recordings (Neher and
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Steinbach, 1978; Aracava et al., 1984; Spivak and Albuquerque, 1585). A
sequential model has been pioposed to explain the experintmtal findings
which can be expressed as follows:

Diffusion

k k2 (V) A _ _ ARDrnA + R A R - A R* A ItD~~ ---- - .•-2 n n_3 v
"k_I k_2  / k 3 (V)

Ilydrolysis

0
In this model R is the AChR macromolecule wich interact with n

molecules of the trainsmitter A to form ait agonisa-boo-ad but nonconducting
species, AnR* This species undergoes a conformatiocnal change to a -'iduc-" * fC

yive state AnR *. AR D is the species blccked by the drug D and is
assumed to have no conductance. k 3 and k- 3 are the forward and backward
rate constants for the blocking reactions, respecivwely, and V indicates
the voltage sensitive steps. Under physiological coditions, * p is a
measure of mean channel Jjfetime (Anderson and Stevens, 1973) and is
dependent upon the rate constant k_ 2 which is described by the equation:
k_2 - B exAV (Magleby and Stevens, 1972). The biding of a drug to the
open channel will accelerate the EPC decays as a cosequence of shortening
the duration of the channel open state which am egresses from AnR* via

Stwo routes (1) spontaneous closure towards A,,l and R and (2) by drug
blockade which depends upon concentration of the blocking agent and the
rate constant k 3 . Due to opposing voltage dependence of the rate
constants k- 2 and k3, tha increase in drug conac.ration will produce an
acceleration of EPC decays with a progressive lass in the voltage
sensitivity of T ... In the case that k 3 and k 3 are comparable, the

*reverse reaction AnR D . Anp. + D will be significant enough to
contribute to the EPC, thus yielding double expomertial decays. On the
other hand, if k_3 is negligible, the unblocking reaction is too slow to
contribute zo the EPC, and the decay will be single exponential function
of t ime. Neglecting k_ 3 on the assumption that k, is >> k_ 3 1 EPC decay or
channel open ti s will be shortened according to the following expres-
P.Lon:- (t ..C) or (C)-c k + [D1 k3 . The discernment and
interpretation of the alterations on EPCs, especially with anti-Che

* agents, ace sometimes difficult. In addition, uader conditions of ChF
inhibition, reduct ion of the number of free receptors by either a
competitive blocker (a-SGT) or an agent which eskances desensitization
will affect T (Magleby and Stevens, 1972; lbgLeby and Terrar, 1975;
Kordas, 1977). Thus, more clear evidences of qews channel blockade are
provided by direct recording of single channel caress.

The effects of (-) P1tY on EPCs could cstly be described by the
sequential model. A linear relationship etween ltEpC and (-) PHY
concentration and a decrease in the voltage sesitivcy of vEP were
observed. The double exponential decays observed is the presence of high

* concentrations of PiY as well as HetPIIY, a quarernary analog of PUT, at
positive potentials could not be fully explaimed by this model, most
likely because these agents exhibit other effectsan the nicotinic
neuromuscular AChR (Shaw et at., 1985). D1ue Mecking effects of OP
compounds on EPCs were also observed. However. due te strong anti-ChE
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effect, TFPC was not reduced beyond control levels (Figs. 3 and 4). Thus,
patch-clamp technique uas used in a preparation devoid of ChE activity to

study the interactions of these anti-Ch1E agents with the nicotinic AChR at

the single channel current level.

In a situation where k_ 3 and k3 are comparable, the channel current,
normally a rectangular pulse, is chopped into a burst of brief openings

and closings. These current transitions are interpceted as blocking and
unblocking of the channels by the drug. The burst is terminated when the

open channel undergoes a conformational change towards its resting

state. The duration of the openings within a burst (t ) is linearly0

shortened with increasing concentrations of the blocker and influenced by

voltage according to the voltage-dependence of k_ 2 and k3 . The duration
of the blocked state (C ), i.e. the intra-burst closings, is independent
of concentration of the Ilocking agent and is governed by k_ 3 which has a
voltage sensitivity opposite to that of k 3 . Thus, hyperpolarization while

shortening r0 prolonged rb. NEO and EDP produced this type of blockade
(Fig. 8). At a concentration range of 0.2-50 UN, both agents induced

alterations in ACh-activated channel currents in a manner kinetically

consistent with the sequential model. VX, on the other hand, produced a
more stable blockade (k_ 3 < k 3 ) such that typical bursts were not

discerned. Instead, the majority of recorded events appeared as well
separated short pulses precluding any distinction between the blocked and
normal closed or resting state (Fig. 5). (-) PIY, on ACh-activated

channels, induced altered currents with irregular iad increased noise

during the open state. The analysis showed that the alterations induced
by (-) PR!Y could not all be descrtbed by the sequential model. The plot
uf I/ T vs. (-) PItY concentration showed a departure from linearity
towards a saturation "which we.; complete at concentrations highe" than

200 pM. This finding suggested the existence of processes other than an
open channel blockade which is consistent with the biochemical studies
(Sherby et al., 1985). Another interesting observation is that (-) PHY at
concentrations above 300 InN was able to completely block the endplate

current evoked by nerve stimulation, but stngl. channel currents could be
recorded in relatively high frequency at concentrations of PHY as high as
600 UN. Similarly to (-) PHY. it has been reported that ACh at high
concentrations induces irregular and noisier currents during the open
state coupled with lower conductance events which could be due to an open

channel blockade (Sine and Steinbach, 1984). However, it Is possible that
many of the channels observed in the presence of ACh plus (-) PIIY were

activated by the carbamate itself since this agent was able to activate
channels at very low concentrations of 0.1 pM.

Patch-clamp recordings were also useful to disclose the agonist
property of certain anti-CME agents and to reveal more subtle character-

istics of the single channel currents. (-) P'IIY, PYR, NEe, EDP and the OP

compound Roman all act as weak aonists (Aracava and Albuquerque, 1985;
Akaike et al., 1984; Albuquerque et al., 1984). Since the pretreatment
with n-BGT blocked the activation of these channels, it is possible chat
these agents interact with the ACh recognition site. The channels opened
by so-e of these agents are seen even at very low concentrations (e.g.
i0. 5 M PIY In). In contrast to the sqtiare shape typical of ACh-activated

channel currents, (-) PIY-activated channels were characterized by a

considerable amount of current noise during the onen state. Channel
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conductance was similar to that of ACh-activated channels (-30 pS) at low
concentrations of PILY and decreased to about 18 pS at concentrations
higher than 50 0. Recent studies carried out with (+) PHY showed that
this optical isomer also has powerful agonist activity oa the nicotinic
AChR. However, channel currents activated by (+) PHY are quite different
from those activated by the natural isomer. Short, well separated pulses
with conductance similar to ACh-activated currents were generated by (+)

PItY at a concentration range of 5-50 wM. NEO and EDP activated ionic
channels only at high concentrations. FDP-activated channels resewbled
those of (-) PIHY while NEO generated very short square-wave pulses with

conductance similar or slightly lower Lhan those activated by ACh. PYR,
on the other hand, induced low-frequencj openings with reduced conductance
(-10-12 pS) (Akaike et al., 1984). Most likely, this agonist effect of
PYK was important in the enhancement of AChR desensitization observed with
r'-.ia agent. In myoballs or in muscles, PYR in combinaLion with ACh induced

the appearance of channels with marked flickering but with no significant
change in the T (Akaike et al., 1984). The frcquency of these channel
openirngs changed as a function of time of exposure to both drugs. Over a

period of 10 min the opening frequency was gradually decreased. and a 10
pS event which was rarely observed under :ontrol conditions (Hlamill and
Sakmann, 1981; Akaike et al., 1984) became predominant. Higher
:oncentrations of PYR (200 WM) produced a biphasic effect on channel
activatic ,; initially there was an increase in channel openings and

* irregular waves of bursting activity, but this was fzIlowed by a marked
decrease in the channel activition. The agonist, desensitizing and

channel blocking actions of these carbamates have been confirmed by

binding studies (Sherby et al., 1985). However. in these studies
performed on AChR-rich membranes of the Torpedo electroplax, high
concentrations of carbamates were required.

On the locust glutamatergic synapses, the most significant action of
both carbamate and OP compounds occurs at the presynaptic nerve termi-
nal. PlY, DFP and VX all induced an increase in transmitter release as

evidenced by the generation of spontaneous EPPS and KEPi's. At normal,
ICa2+10 (2 mM), the increased transmitter release would result in U's

large enough to trigger Ai's. McCann and Reece (1967) also recorded
* spontaneous muscle APs by injecting PHY (I mM) into the fly abdomen.

However, from their data it was difficult to discriminate whether the
events observed resulted from the central or peripheral action, since the
ganglia were maintained intact. It should be mentioned that in all the
preparations used in the present study, the metathoracic ganglion which
supplies tue nerves to these muscles has been removed to eliminate any
central cholinergic component. Therefore, all the effects registered in
the presence of these agents might have resulted from their action on the
nerve-muscle junction. The spontaneous activity did not arise from the
interaction of anti-OCt agents with the nicotinic and/or macarinic recep-
tors at the presynaptic nerve terminal (Fulton and Usherood, 1977), since
neither nicotinic (u-BGT, ci-Naja toxin and d-tubocurarine) nor muscarinic
(atropine) antagonists could abolish these spontaneous events. In addi-
tion, superfusion of cholinergic agonist, i.e. AQh (5-10 aM), did not

initiate any spontaneous activity, thus suggesting that cholinergic recep-

tors are not involved. Instead, changes in external Ca 2 concentration
deeply af4ected the praeynaptic effect of anti-ChE agents, suggesting a
phenomenon mediated by CaZ influx (Fig. 9). However, the primary target
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of these agents seemed to be 4a+ channels at the nerve terminal since the
spontaneous activity was reversibly blocked by TTX. Similar increase in
transmitter release has been observed in the mammalian neuromuscular
transmission with the Irreversible ChE inhibitors in particular (Laskowsky
and Dettbarn, 1975; Deshpande, Idriss and Albuquerque, unpublished

results).

In adultion, these agents, except tabun, also interacted postsynapti-
cally at locust neuromuscular synapse (Idriss et al., 1986). Both VX and
DFP produced a shortening of the EPSC decays as well as a decrease in the
peak amplitude, which indicated an effect on the ionic channel associated
with the glutamate receptors. Recent s.udies of Idriss and Albuquerque
(1985a) showed that certain noncompetitive antagonists of the nicotinic
AChR such as phencyclidir-z, chlorisondamine, philanthotoxin Undl atropine
also interacted with the glutamate receptor on the locust neuromuscular
junction decreasing both EPSC peak amplitude and the T psc* These
findings suggest certain similarities between the subunits comprising the
ionic channels of the nicotinic and glutamate receptors.

In conclusion, the present study demonstrated thist both reversible
and irrever~ible anti-ChE agents, in addition to their enzyme-inhibitory
property, have definite actions on the nicotinic AChk, viz. blocking the
open ionic channel, enhancing derensitization, and acting as agonists of
the AChR. Patch-clams stuties disclosed the agonist activity of some of

these anti-ChE agents. Wie also showed that there is no binding site for
PHY on the intracellular portion of the AChIR since this agent did not

produce any effects when applied to the cytoplasmic side under inside-out
patch configuration. In addition, since similar effects were observed

with the quaternary analog MtPllY, the charged form of these agents is
most likely responsible for the interactions with the ACK (Shaw et al.,
1985). These direct effects of ChF inhibitors on the AChR may play an
important role in the efficacy of certain carbamates in prophylaxis

against poisoning by OP compounds. This hypothesis my be extended to
explain the actions of ChE reactivacors since the studies carried out with
2-PAN and 111-6 disclosed direct interactions of these oximes with the
nicotinic AChR (R.-o .it al., 1984). Furthermore, difficulties in counter-
acting some of the toxic effects of OP compound my be due to the direct
effects of irreversible anti-ChE agents on Soth pre- and postsynaptic
membranes. Finally, Zhe studies performed on the locust nerve-muscle
preparations revealed an Important presynaptic effects of these drugs
whith promoted an increase in glutamate release via increase in Na+

permeability at the nerve terminal. The postsynaptic blocking effects
observed on the locust synapses rats2 the question of whether there ic a

similarity between the nicottnic and glutamatergic receptor-ionic channel
macromolecules.
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ABSTRACT

Several important physiologieal proceses such as plasticity. masicy. cell death. and
rhythmic raring involve thc N-tncthyl-D-aspartate (NMDA).type of Slutamztrgic receptor.
Nicotinic acetylcholine receptors (AChR), recently dcmocnstrated in tlcoizsul navous system
(CNS). are also of great interest. We have used serveral ligands to sialy At physiology sand
pharmacology of the agontst recognition sites of these receptors ad kineti properties of
associated ion chaaan:s using whole-cell, cell-attached or outside-out vaia of tba paich-
clamp technique. Enzymatically dissociated frog interosseal muscles ve used to asady
periphacra! AChRs. and tissue cultured or acutely dissociatedl hippocampian mcras nail retinal
gangliona cells (ROCs) for CNS receptors. For reproducible and fast usidsv changes when
recording in the whole-cell configuration. we modified the 'U-shaped t~c --ystra to obtain
different outputs from the same outflow pert. We used fluorescen zrinad-ambeIIckI latex
microsphcres to identify ROCs. Our studies provide important inlornsmioo regarding the
molecula mechanisms of several clinically Used al.CAti Additiosally. simiLar actions, of
noncompetitive agents on the ion channels of the nmeoinic ACh and NMDA& rceptors suppmrt
the concept of a reeeptor ion channel superfamily.

In the Lasm two decades. there has been cunsidcrable tccbk.1s1 advancement in
diverse areas of biological investigation which has provided impotant tools, for
neurophysioalogists. particularly cletorophysiologists. A good examinpc df dth is the patch.
clamp technique. Introduced in 1976 (1), the patch-clamp is actually a Vou of techniques.
based on the experimenta ability to obtain high-resistance (severa gigad) msembranc to
pipet seals. The variants of the jisich-clamp are:~ cell-attaachd, im~icoons- outsde-eel and
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whole-cell (2). Patch-clamp technique have bees extensively exploited to study the kinetics
as well as selctsivity and permeation propcrt-.es of a number of voltage- mad chemincally gated
ion channels in a variety at biological preparation$ (3).

Many lines of evide'nce from these studies implicate ligand-gated receptors in a

* ~~number of physiological processes and disa~ses Synaptic activity is modulate by transient
* ~or long-term changes in thc levels of seurairansmitier(s) released and number and tfuicionall

states of the rrecptors. In the mammalian CNS. the NMDA subtype of glutatialergic
receptor and ACIIR are involved in processes that span from presysaptic: control of
transmitter release: to postayaptec mem brane decpolarizationt asvociated with mobilizatio'. of
I 'racellular messengers, such as Ca2*, related to protein synthesis. long-terms potentiation
(L07), neurite outgrowth, cell death, etc., (3.7). Modifications in ACIIR sand NMDA receptor
activity have been implicated in nuogeeaieprocesses and ins cognitive deficits
accompanying disorders such as Alzheimtejs disease (&-10). Th1us, clectrcphysiological analysis

* ~of these recieptors using specific probes his been of paramount importance. Fcar the nicotinaic

AChR. ca-bungarotoxin (a.BGT0) was critical for idcatiftcatiaa, isolation sad reconstitution of
* ~the receptor into artificial lipid membranes and later tar clonting ot the diverse subunits (11).

-' Histrionicotoxia (HTX). on the other hand. was important tar the establishment of the
allosteric nature of this receptor (12)

Stnactutre-acdiivt reiationtship analysis of selected analogs with rigid structure and
* ~well-defined stereochemisity has proven to be tundamental tor the study of CNS receptor

properties. (+)Anatoxia.-(AnTX), a neurotaxim extracted trom the aiga Atte..n. flee equ..

(13). has greatly improved the possibility of identifying the optimal conformation of the
* ~agonist to bind, activate and allostericalty comtrol the channel operaton at different AChR

subtypes (13-15). In addition, this analysis revealed the extent of structural and tuneionat
* ~~similarity among classes sand subt"e of receptors that has been undersoored by recen

evidence far consiucrable homnology among sever-al reeeptor-ion channe siroteina. AChR
and glutamatergie receptors carry nmamrous similar noncompetitive sites amenable for
interactions with a number at toxins and pharmacological agents (3.7,16.M.)

Our electrophysiologicall sudics have bme complemented with fluorescence labeling
techniques - retrograde axonal transport of injected rhodlamine and lucifer yellow.
Development and morphology ot ROCs and hippocampal cells were analyzed, and dissociated
cells were used tar patch-clamp recordigs.

* METHODS AND2 MATERIALS

NeuronalCulture, The methods uttlized hav bee published (189.M Sriefly,
pregnarct rats (Sprague-Dawley, 16-19 dap of gestation) were sacrificed by crvical dislocation

Ssand the fet uses placed in cold physological solution. The cerebral hemispheres were isolated

and the hippocampi dissected, minced and incubated with trypsin (0.25%) tor 30 min at
35.S*C and subsequently changed to modified Eagle's medum (MEM - Gibo it 0

hors serum, 10% fetal calf serum, glutsamine (2 mM) and DNAse (40 ugsg/mt For recording0
* channel activity, I to 7-week-old cultures were wed.
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Disiection, and Isolation of Muscle Fiters for Patch-Clamp EjrjK Interacal
muscles from the longcst toe of the hind foat of adult Rana pipiasm wes dissde in Ringczs,
solution and acutely dissociatcd as previously described (14,20).

OC ldewifcaition. To identify RGCs during developmen. inasjiiia of rhodamnine
labellcd latex microsphcres (0.1-1 141; Lumafluor, New City, "Y wec made between
postnatal day 1 (P1I) and 5 (P5) under hypothermic anesthesia. Techniques for microspberc
injection in developing animals arc described eLsewhere in detail (21,2). Cclii were classifid

*according to their soma and dendritc diameters, in addition to the pastern of denslritic
brane1~lng (23,24). Camcra lucida drawings allowed us to measure the diasuser and to coaani

*number of filaments and dendriti branch points.
Electroo~hvsiological-Techniqutes. Recordings ofboth whae-ccgadlasiagie-ebannel

currents were made according to standard patch-clanip techniques (2) using 2& LM-EFC~-7
*patch-clamp system (List Electronic. FRG). The data were stored on vidco cassette tape

using a Ncuro-Corder (model DR-384, Neuro Data last. Corp.) for later analysis with 18M-

* AT u. -'rocotnputets

* ~~e11-attaehed patch-cdamp recordings from interosseal madce lQ=a were doac as
previos!- It described (25,26). Outside-out teco~dings -4iere performed as in Umna-Lndmaa

rd aL (18). Single channel data xvcre filtered at 3 kHz (8 pole B~rcld low-pass filter) prior
to digitization at 80 0se intervals.

Whole-cll cur-nmts were induced by fast applications of the agomaiss either alone or
in combination with the indicalted concentrations of antagonist. Agosists and antagonists are
sia.utancously applied via the outflow port of a 'U'-shaped tube (27,28) which is positioned
near the cells (25.50 jAn). The diameter of the hole is - 100 jun. 'Me mulificd the original.

*system in order to obtain diffecent outputs from the same port with"u musing the V tube
(fiags. 1-3). The advantage of suck a system was that it allows application ail remov-al of the
agonisit sad antagonist rapidly and simultaneously, which may nabl s to observe slow
kinetie steps involved in drug action. In addition to that, we alse can give short pulses of

*drug, allowing us to study concentration and voltage dependence of the agomig-gatcd currents
in the same call. The dead space for solution exchange was about OM~. wA 2Ai thr pci-fusion
rate to the input of the 'J' tube was 0.1-0.2 mI/nun. A stcady neptive pacsuse atpplied to
the output of the U' tube was provided by an infusionlwithdrawal pomp (IMaavard Affaratus).
We have set the pump speed to give a withdrawal rate of 0.35 vi11mmi, so thAt a neo inflow
into the hole in the V tube was (1l5-.25 ml/mmn. During a typical cqxsimeas the. bath
solution was exchanged continuously at a rate of 1 -2 mI/mis by ameus of a slow perfusionl

*system driven by a peristaltic pump. No series resistance eompcnstiou was used in the
present whole cell experiments, but the maximtum predicted error in estimatiag the holding
potential was < 6 mV for our highest pe~ak current (-1.8 nA). Whole =Al currents were
filtered at I kHz (8 pole Bessel low-pass filter) 3nd the amplitude analyzed using the
PCI.AMP software (Axon lnstruments).

RESULTS AN1D DISCUSSIOti

PgihcD1I~icoigicA~hR. Enzymatic dixsociation of single inacrucal amuscle- fibrss
allowed the study of AChRs located in high density at the endplase rgai of aduli frp
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FTO. 3. Photomrrographs of the output pott of the V7 tube taken at different stages
of the whole-cell clamp experiment. All ceabrAlioia bars: 2S gm.

(-30 p5. of 10*C). I'he curreiws activated by AClI showed very l'cw brief flickers during
opening, but with (+)AotTX as fth agosist, these closures were very frequent (rig. 6). Th~e
analysis of the concentration- and voltage-dcpcnotclscrc of these short gaps indicated that they
do not airise from open channelt blockade which was *ondirmcd by binding assays. Using
I'HlF4,-rHX. a ligand for the noncompetitive site of AChtR. it was shown that these low
coscentrations of (+)A*TX did rot bind to this site bal only to the agosist recognition site
probed by a-HGTorACIL Monomethytatiots of((+)AnTX amine moiety produced a marked
decrease of agorniul potecyl (30). Oweaeinnatian by dimethylmato induced ano eve* greater
reduction In agonvist potency (31). At first inspcttion. the decrease of at"Sist Potency with
qualcru.attoul of (+)AmTX seemed to conflict with the gevneraminotn that bulkier groups at
The positive amine group wtiul contribute to agonist potency. Molecular wmdeling analysis.

* b~owever, showed that it. The dimeahylAnM structdre the *-cis conformerso, which how
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(+I Ansototin-0 Acetlyleholine(s-cia)

I II / I I6.01101
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FIG. S. ComparisOc offthe strucur•s of s-cis-(+)AnrTX and ACh. rae ACth receptoris hficwvd to have a hydmgen-honding moiety. In ACh. the distanc from the nitrogen tothe van der Wask radius (1.4 A) o(carhanyl oxygen is 5.9 A. For AnTX in the twisi-chair,
a-€ig conformation, the distance to the vati der Waals r"us of the hydrogen bond is 6.0 A.

optimal niltrogcn.carbotyl aparati,,n for intenacion with the agonist sites, are cnergetically
unfavorblie, which might Ceplain .he decrease in the binding affinity and channel activation.
Ia contrast to (+)AnTX, the lack of effcct of N-methylaiion on the agonist potency of
(-)nicotine (26) may reflcct greater flexibility of this molecule. Therefore. the analysis of
sfcric and elcc~rostaaic parameters of (+)AnTX molecule cam best predict the conformation
of the complemenitry agonist recognition site that activates the nicotinic AChR.

Oc'cfliui4atjon i~d Onc In d ed hI Annits. The alkaloid nionftine whichappears in nature as the Icvorotatory isomer, is a much weaker niaotinic agonist than
(+)AnTX and ACh a& the muscle. We have tcsted (-)niastine at 1-25 phM and (+)nicrtinc
a( 10-50 pM range. Single channel conduclance was similar to that of ACk and (+)AnTX
hut the currents exhibited numerous flickers during the open staoe of the channels suggesting
a concomitant blockade of the activated channels (26). For (-)nicotine. the mea open time,although much shorter than Mail round for ACh, remained unaltered up It 10,%M indicating
a more prominent Interacting V•th the agonilt lite thAN with the S"ncompcsitive blocking site
(see fCs. 6 and 7 o rc(. 26). However. with (+)nlcotine bwase o( its lower agonist poatene
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FIG. 6. Single channel current- induced by ACh and (-t)AnTX. Current recording% at
several Iran-mcnibranc potentials tire shown wi,.i ACIh (3(X) nM) and (A-)An'rX (20 and 2M0
nM) as thc agonists. Al hylicrpolariied potentials the channels remained open longer. The
channicl shown are typical with respect to the number or short closinr events. With ACh
there werr few short closing events. Thec toxin-induced chtinnetsare very similar to those seen
willi ACh rxrcr-t (fir the- greater number of short closures. Thie niumber of closiurs within
himr-as doc,; no't increawe with leitp1'hening oif thev h rst.
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at all concentrations tested. the open-channel currents were akca4atee by the interactions
of this agent with a noncompetitive blocking sitc at the ion channel unoicty (see fig. 9 of rci.

*26). Allii~crcasc in the number ofopenings per burstand a drascin he caaopen times
* in a cOoncetration- and voltagc-decpdcrit manaar oocairred secoonding to the piedictions of

the., open channel blockade postulated by the sequentmal model (.ýh)
Most agoa~sts tested produced ACIIR dcscnsitizatioa. At time single chaundc current

level. briefly increcased activation is characterized by simultaneous; openings of malty channels,
aud it iollowed by marked decrease in channel activity. Is this phaisc, clustering of many
consecutive Openings was separated by lung nonconductive periods related to the desensitized
state. With (+)AnTX and ACh dcsensitiztiots could be indue at concentrations above I.
2 MM. Moreover, at these concentrations (+)AaTX induced bub dcoessitiziag and open
channel blocking eiffecs. (-)AnT) did nout cznax acnstia cficniL- at aa. conccatration
tested (30). With (.)niCOtine Only at Concentrations >~50 jaM cod clusicaing of ver short

events be detected, whereas with the (+)isumer this pattern vas am observed even at 200AMM
which denoted a very weak dchensitiuang potcncy (see fig, 8 &and reE 26).

* ~~These results indicate that in nauscie. (+)AaTX and (-)nsc*6uia cxhbiwt agonist.
noncompetitive blocking and decsensitizing properties moaw lib*d throughi dilfetent sites.
'hus, using appropriate probes wt may be able to distinguiish dreg actioss on diikrnt sites
involved in the activation aad modulation of muscle AChIL

Modulation of ACh-paivyatcd Currents by Toxins Xdrum.. A large number Of
pharmacological agents, some int wide clinical use, block s.aasuseuLar tranaaissioa via

* ~blockade of postsynaptic AChR function (12.32-35).
The neurotoxin isolated front the frog Dendroeh.. kimfiu~iecuo by Daly and Spande

(36) providv4 the ftoodamenaW clues, for the understaading of she atlloicri properties of the
AClaR and the chiannel blocking actions (37). l-TX and perivJoahistrionicaokw" (H,2a-HTX)
studies revealed the existence of sites disinct from the agmaais scoooinn site that modulate

AChR channel activity (16.37.38). Interactions with this sill ioducct a desensitized species
* ~characterized by a high affinity agonist binding site and a aominiuciive ion channe (12.16).

Several agents such as tricyclic antideprcssants, phenothimint scrolept"m (39,40) and some
-%nalogs belonging to a new class of probes, lh6 acridine ar2@6-ane (41). have disclojed similar
effects on, dr, AChaR. Additionally, the acridine arapham s et rather" novel scries of
muscarinic blockers (42).

Another group of drugs, including PCP and anialogg. prsdmec bat descasitizaaiou and
open channel blockade (43). At the single channel level. the block-ade: could be sceen assa
reduction of the frcuency of chansed openings and a shintcaing of both open and burst
durations. howcver, one of the major actions of PCP and analogs is on the voltage-dependent
K* channel (44.4S. T"he blockade of the delayed rectifier K4 channel produced by PCP may
cause increased neurotransnitter release. which may be ariticakl important not only for the
understanding of PC? iatoxication, but also the physiopaubeltgy of illnesses such as
schizophrenia. Indeed. we have seen that some PCa analog% wkkk block the AChR but not
IC conductance were unable to cause alterations in behsavior (Qiý

14uoa ~R Neuronal AChRs exhibit zonuidoraill heitcragceisy with respect
to their distribution, pharnaacolegiclil sensitivity sell funclindu osbe. T7his, olummrat with the
muscle &Ad Torpedo AChRs which consist of a rather hostanpnaus, populations that appeal
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FIG. 7. Wholc-cef currents recordied from 7-week cuiltusd Wal rakpeet
neurons. Agonists were pulsed through the U-tube for I sicc is be* UMM (4-)A.TX
induced a larger current when compared to that induced t~y A(C. (+)AIX.A W ihine a
rapid inactivation of these currcnta

in high demsily in the cndptalc region and electric organ. rapeai*. " s inqi Of
aneuronal AChWs is undersormed by molecular biological cvidas hr atko thee rWto

isoforms in the CNS (47). Some of themc ACIIR isofortus ban ba ua~m osuavlaw
*to post- and presynaptic nicotinic Aha

In an attempt to characterize the different binding sills ando the usim of dwanne
kineti=6 comparative studies with nicotine and AnTX cuaatiomes so ft aenroesi AChR
have been moslt elucidating. The high-affintity (-)nacotims binding lik Aqfty highsim
specificity for the (-) form (50-fold). Thi difference is consistent vA baoiatuiotat
have disclosed the (-) form to be much more active than the (+)ixsa VW. t ~he

* affinity nicotine site labelled by tI'Zlim.BGT ahibits very litta AuaixUiesivy w"ic
resemables that seen in muscle ACIUR where a 5 to 5-old dillerom.i lik a pai got
nicotine cnantiomets was found (26). In brain. (+)AaTX boouno& ann- pogentLy than,
(-)nicotine to high-affinity nicotine site (ki -a 3.4 x 10-1 M) and dCiic a much higher
degree of swerospecificity (1000-fold) of this (48). At the high anm tsali.wBT site in
rat brain. however. (+)AaTX was a weak inhibitor bi vst a'n in soaasto nismino

* enantliomems it unveiled sigaificant stcemopccificity (0 .100 IW4~ swia resilit WM .

obtained from sysspiowsom studics using (+)A.tTX sad (-)aicw as uuipinall siin
to evoke. through activation o( presynaptie AChR. the relearse of s*ondf 4op~mais

* (MABA or ACh (49).
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FIG. &. Examples of LY-imajoetd ganglion cells photographted at P11I(A) and P32 (13).
Both were classified as alpha cells due to their relatively large somata and dcadrioic t.tCcs
Note that. at PI I alpha cdkl display a large number of spines sod dendritic brancecs. while
at P32 there are few dendritic branches with tow spisca.. Both cells were also labelled with
rhodamine microspheres (nom show.).

Iherefore, (+)AUTX wa used as a nicotinic agonist to uvaeil the characteristics of
the currents underlying centnil AMII activity. Singlc channel currents were recordcd from
neurons cultured from hippocampus and respiratory nrea of the bra~fn stem (4). On the somni
membrane. ACbiRs were adictved at a very low probability, and wecre found more often near
the axodendritac area. Compamtd to muscle ACbRs, 5.10 times greater concentrations of

(+)AnTX or ACh were necessary to activate the channels. Also. thM desensitizing. clustering
pattern of channel activity reponed for the peripheral ACIR was not obierved in the neurons.
Instead, randomly separated currents with multiple conductance states wer recorded; the
predominant population reembled that foundl in embryoni at demoservi muscle. Though
similar. some distinct kinetic cliaractenatni suggestd a separat subtype of ACIIR at CNS
synapses (4^5)

From the above. (+)AnTX emerged as the prototype of nicotiadcemgoaimt for the
molecular studies of the AMII is the brain, WlMklecefi customs evoked by (+)A*1X sand



NICOTIN~IC ANID GLUTAHATERGIC RECEPTORS 615

4;4

P5 P5-

FIG. 9. Camecra lucid& drawings of two ganglion cellsat Ms am, clainsirwid as alpha
(A). the other as dclta (0). Use drawings allow the detailed csionminnl of the usuberant

* ~number of ilcadritic procases, typical of ganglion cells at 'this aV.

ACh in rat hippocampal pyramidal cells (5 1) arc shows is rig. 7. A&TX (10 pM) and Ach

(50.100 bLM) were applied to the neuroa using a ULl-tube pufnxiniMN %yak= draruihe is

Methods accuioa. (+)AnTX was at least 50 fold more potm tha AC1 in adivralng this

nceuronal AChR. From -10 to -IOU mV, (+)AnTX and AQt dicimnd inwead cunests that

behaved accrding to Ohm's law. A rapid iniactiwaos of the' Currentsoccurrd when

the neuron was continuously esponod to agonist. and this phemicosnas was mare paevalest

with AaTX thas with ACh. Dcscnsitisation and opea channel Mcaft sta accase for the

rapid decay of these currents.
Fluorescence L.beline Q1 Neurons anld-Sinete CQ'ja Cancao Renhdng& frmM

Identificd GCL~ Cell developmnuct and receptor dtstribitlios app to be ultirnaaly linked
to brain functions such as congaition and memory. For inumtari. at tW earliest ages studied

(embrytnie day 20, E20). rat RGCs were morphologically intmawc. beating few deedritcs,

and did not resacmble any of the morphological classes founed in tic a" rat (24). A few days

later, a very claborate pattern of dendritiic branching wa gectally eoterede and by PS

* cells could be classified. In contrast to the adult animal, however ~dica t of immature
ROCs displayed several morphological processes. including fi11as and spiesm am& more

highly branched dendrites that were not prescnt is the adult, as shosa P1 I and PMZ in rig.

8 (A,8). ROCs were draw* with a camera lucida attachment and Sc avosbes of preue
at eacht age was counted (rig. 9AB). Dendritic trwo reached a pk of conmplexity a"Wun
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FI1G. 20. Woos of APVand PC? on nicotinic AChR of ROOs (PI) recorded from an
excised outside-oat pascL.

PIO and underwent remodelling daring the folltowing 2 weeks (52). Similar changes in ROC
morphology have also bees reported for the eat(21) and. is betA species. they correlate int

time with synaptogcenis within the inset plexiform layer. indicaling that the transient
prooecssa may be involved with compettislos for preaynaptic inpuit. N'eurotransmitters coldW
play a role ig such compeitition Indeed. rat R100 responded to application of NMDA.
quiaqualate and (+)AnTX. Ilte major areas of ACISR are located oa the axo-dewidritic region
and axon hillock region.

In large RGCs labelled with rhadanune. curreets wern activtned Ivy (+)A*TX under

ousie-a codtos ,niatyM *(eex= ouis iAT 12)M
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FIG. 11. Whole-cell NMDA-gated currents recorded from cuttured hippoomwol s
voltage clamp•d at -60 mV. Records were made in the precsnce of NMDA (20 ILM) albne
or combined with THA (250 LM). Uandr coatrol wndi~ioas, inwasu currnts were recorded
that lasted for the duration of the agonist application. In the pr ace of THA a bipisa

*! current response was recorded. To clarify the nature of the first phase of this current, we
increased the duration of the stimulus. In this condition, a dcpr•wd wrcat was observed
for the duration of the applied pulse of agonist and blocker. Upon cesation of the puae, the
second current component was still observed and was practially iadcpeadew of puls
duration. Most likely, the first phase rcprcsents blockade of the NMDA receptems and the
second phase results from a slow (on the order of hundreds of os ) diuneiafioa of tdo
blocker.

I

activatid currents of condut.ance of 4S pS (22 C). The open-chan oes were act n

as bursts consisting of numCrous atasocutivc opcaings which inciraid with hyperplariza"

Intraburst openings decreased at more negative potentials wherea the cloapm witi the
burst were not significantly altered by voltage. In addition. Mg2* imm (10 WM) btMda the

open-channel curets. MgZ+ and voltage-dcpctdcnt effect were v similar it A dmaibod
for NMDA channels. However, APV, a specific NMDA receptor petiia blocker was

not able to block (+)AnTX.activatcd currents (rig. 10). As it was cqpxrNed, a-BGT did not

block, but mecamylamine and d.lubocurarine reduced. the AChR acLivalion.

PCP and MK-801 blocked the currents activated by (+)AaTX on these labcllcd
retinal ganglion cells. As shown in figure 10, PCP (10 AM) abolished the catrent activated
by (+)AnTX in a voltage-dependent manner. Similar to PC?, the saiconvulst MK.4O also

blocked the ACIIR activated by either (+)AaTX or ACh (7). Tlis patte is in coa to
that found for NMDA channelas where PCP-induced block only oaccmad at aeptise powmnial

(fig. 10). Upon wash with drug-free solution. application of (4)AaTX licifte oany few

openiang, which reveals a relatively irreversible component in the blocking muaniin

)A

II

I.,
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FIG. M2 INV relationship for the peak amplittude Of the 6191 PMas Of the whole cell
currents recorded under conditions similar to those described is rig. 11. We used graded
concentrations of TH-A ia presence of a constzaa conceatratiox of NMDA (20 pM). Each
poirl. is the inca. of mine pulses rccorded from three differeat cells Currents we=
normalized in rclatlos to the: peak current obtained at -100 mV, wrhich ranged firom O.6 to 1.1
nA. la all cases presented here we were able to hlid the cells long eseugh to record the
entire concentration and voltage reage in a single cell. The earns show a voltage dependent
blockade of NMDA-gatut currestts.

Central NM12A Recesows. The NMDA recpwo is copled to a cation-selective
channel. 11,er'- are two predommnau coadwcancMs 30 pS sad 47 p5. We studied the kinetic
alterations; induced by PCP sad asamogs and l.23.34-ictrahydmacridinc, (THA4 Structure.

* activity relationship analyi of both behaviorally active PC sanalogs (PC? rn-aminio PCP)
and inactive (PCC and ni-nitin PCP) was done on outsidle-out Patche from hippocampal
pyramidal cells (53). PCP blocked the NMDA channels. martedl deacrasing the frequency

* ~~of channel activation (see rigs. I and 2 of re. 53). TMi effect wa ste"l voltage-depeadeal,
such that it was only expressed at hyloieu~olarimil pteatiahL. Depolarizasioa. evna in the
presence of PC?. reversed the blockade.

A PC? asalo, rn-amino PC?. which also alters animsal behavior, produced similar
effects. These results Implicated NMDA recepto blockade Is the paychological actions of
PCP. We have therefore tested analogs that hod as effects on spadMa behavio, such as FCC
and m-nitro PC?. Thec Iwo analogs, as especeed. failed tn block 14UDA channels Whereas
PCC did not affect NMDA channels even at very high caanestratisan (100-20 pid) ota-alre
PC? markedly enhanced the activationa of these cbsannes. TU he tulatey effe of "k-altre
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A),
1  PC was very similar to that produced by glycine that increases NMDA mchae actijuaim

thr-..gh a strychnine-inscnsitivc all'ostcric site (53). V-aloperidol. an a.isuhaicagent wish
high affinity for the sigma receptor, has '-..; reported t0 produce siinda poleatiation of
NMDA channel activation (54). The clinical implication of this effca is rl unksaw.

It is noteworthy that PCP and most of the analogs tc"t a well as. asolhe
dissociative ancstfct~c ketaraine and MK-801 that block NMDA clansci (53.55-60). also
blocked nicotinic AChR at peripheral and central synapses (7.61). Thi findig raised the
question whether the benefit of MK-801 use in ischemic brain would re"a only from the'
blockade of glutamate receptors. T'he role of other excitatory rccpIts such as the nicotiaic,

* ~ACIIR should be considered.
THA, either alone (62) or combined with lecithin (63) has; bce aes is. the trca4mo

of patients suffering from Alzhcimcr's disease although studies ham yiclda soine
controversial results. THA (25.250 uM) inrced a concntration mW vidago-depeadcnL
blockage of NMDA-gated whole-ccll current (rigs. 11 and 12). The: Vola promneed by

THA is voltage dependent and has a slow second componet, whic may ucpresm a skm
unblocking component in tie reaction scheme for this agenL THA ashek as dccl os the
peripheral ACh receptor (41).

In summary, our results have shown that (i) the agoniM wect bas a siren
influence on its potency and on the channel kinetics. (ii) all the knows aimssi 2ovims also
interact with noncompetitive sites to produce desensitization,. channdbel ak ci, (ii) sme=

* noncompCtitiVe Satagonists do not discriminate between AChR and ghmame mccpirs; (iv)
though apparently homologous, the noncompetitive sites in various ism chsd Proteins may
be differently linked to the agonkist recognition site, to the gatig awons or to other
allosterie sites producing distinctive afterations nf the receptor faactios;.a (Y) samec specific
ligands may be useful tools for discriminating the various subtypes s( sMacrt
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CHAPTER 3

MACROMOLECULAR SITES FOR
SPECIFIC NEUROTOXINS AND DRUGS
ON CHEMOSENSITIVE SYNAPSES AND
ELECTRICAL EXCITATION IN

* BIOLOGICAL MEMBRANES

EDSON X. ALBUQUERQUE, JOHN W. DALY, and
JORDAN E. WARNICK

0

1. INTRODUCTION

* The current understanding of interactions of neurotransmitters with their
receptors, leading to channel activation, inactivation, and descnsitization,
owes much to the discovery of highly specific drugs and toxins (Albuquer-
que and Daly, 1976; Albuquerque et al., 1979a; Karlin. 1980; Spivak and
Albuquerque, 1982; Warnick e( al., 1983). In addition, the use of elec-
trophysiological techniques such as voltage clamp, and more recently patch

* clamp, has enabled investigators to examine the ionic currents underlying
synaptic and electrical excitability with regard to population events [e.g.,
endplate currents (EPC) and ACh noisec anl unitary events (single channel
currents) while biochemical techniques, such as binding of radiolaboled

Abbreviations used in lifts dhaptie: AQh. ac"yldioliin: inACh0. nkmtinic acetylciwline recp.
* torchnnef macromolecule: AnTX. anataxin; BGT. n-biunlgarvoxin; BTX. batrachotoxin; BTX-

B, batracholoxinin A benzoate: CARB. cadrbamyhduhlinn; EWC. endplalo current. EPP, tedplate
potenltial; H ,,IfTX. ptmrhiydrothisarionicwoxiii. IfTX. hisirionicotoxin: MEI-'C. miniature ond-
plate current; NMUA. zieuromucuiar iIuockiug age-nt; NMI. iirninuscular junction: IM.P. phtn-
cycJidine; TEA. luiraetylaymimoiuin; TTX. tetrodlcoxin; STX. saxitoxin; TC. ( )l-ubacurarhne.

EDSON X. ALBUQUE-RQUE and JORDAN E. WARNICK * I)cpartniun of i'hcrmawlogy and
*• Experimental Therapeulics. University of Maryinaid School of Mudidiace, Baltimore. Maryland

21201. JOHN W. DALY • L.boratory cf Ii rnrtanitc (iomistry. National Inslitute of 0i-
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ligands, affinity chromatography, and tracer flux assays, have allowed isola-
tion. purification, and identification of the receptor channel macromolecule
and its component parts. More recently, cloning studies have been useful in
identification of the various subunits of the AChR and presumptive binding
sites for the nourotransmitter (Noda et al.. 1983a: Barnard and Dolly, 1982;
Barnard et al., 1982). Such studies are of remarkable value in understanding
function in nerve and skeletal muscle membranes. Beyond this, the role of
synaptic and neuronal dysfunction in various neuropathic and musculo-
skeletal diseases is better understood. These insights could lead to develop-
ment of new drugs, which might eventually be of therapeutic use in diseases
such as myasthenia gravis and Alzheimer's disease. Because of the bio-
physical and biochemical techniques now available to the research scientist,
unitary events at synapses and in both electrically excitable and inexcitable
membranes as well as structures that were formerly inaccessible to investiga-
tion now are amenable to investigations aimed at understanding normal and
disease processes in membranes.

2. VOLTAGE AND PATCH CLAMPING

The method of voltage clamping at endpiates of muscle derives from the
studies by Marmont (1949). Cole (1949), and Hodgkin et al. (1949, 1952).
who utilized a feedback circuit, which eliminated any capacitative current
masking ionic currents, to hold the potential (i.e.. voltage) constant in a
squid axon, while examining the underlying currcnts. With the squid axon
being as large as it is (up to 500 p.m in diameter) the placement of an array of
large electrodes within the axon allowed virtual control of the membrane
potential along a relatively !ong stretch of membrane, thus achieving a space
clamp. In skeletal muscle this was obviously impossible. To study the cur-
rents underlying the endplate potential (EPl!) in muscle, a two-micro-
electrode voltage clamp was designed that was in many ways similar to the
clamp for the squid axon except that the voltage was sensed by an intra-
cellular microelectrode and current injected into the cell from a feedback
amplifier via a second intracellular microelectrode (Takeuchi and Takeuchi,
1959; Kuba et al.. 1974). The method offered a rather uniform control of the
potential over a moderately small area of the postsynaptic membrane be-
cause the area over which the conductanice change occurs is small when
compared to the space constant of the cell. Under such voltage clamp condi-
tions one could examine endplate function by observing spontaneous mini-
ature endplate currents (MEPC), by stimulating the nerve to evoke an EPC, or
by examining ACh noise (caused by the continued iontophoresis of ACh
onto an endplate region). Even small cells and those which are visually
ineccessible with the microelectrodes can now be investigated by tho use of
the single electrode clamp technique (Pelimar. 1984). The responses oh-
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served at various membrane potentials and in the presence of various drugs.
changes in ionic content, temperature, and so forth, were necessarily from

* populations of endplate channels.
A new method that now is commonly used to investigate channel func-

tion in tissues from various membranes (e.g.. muscle, nerve, pancreas, liver,
epithelium) is the patch clamp technique. This method allows the study of
single channels rather than p opulations. Neher and SakInan (1976) first
described this technique and the recording of currents from single ionic

, • channels. In this method, the tip of a glass pipette is highly polished by heat
"and then applied to the outer surface of a cell. The resultant seal between the
cell membrane and micropipette had a resistance of about 50 megohms
(Neher and Sakmann, 1976). Their method was refined in succeeding years
principally by applying suction to the pipette and taking care to keep the
pipette tip and membrane free of foreign material. This attention to detail

• afforded higher-resistance seals, a higher signal-to-noise ratio, and voltage
clamping of a small patch of membrane without using microclectrodes (i.e.,
the so-called "cell-attached preparation") (Sigworth and Neher, 1980;
Akaike et al., 1984). Later, Hamill et al. (1981) described a method in which
a vesicle could be formed at the tip of the micropipette from the cell-attached
preparation. Here, pulling on the micropipette freed a portion of membrane

* still attached to the pipette, forming a vesicle; exposure to the air then
resulted in a disruption of the membrane, leaving the inside of the cell
exposed to the bath (i.e.. the "inside-out patch"). Alternatively, continued
pulling on the "cell-attached patch" causes disruption of the patch but with
the cell still sealed to the micropipette and providing a low-resistance path-
way into the cell for voltage clamping of small cells (Horn and Patlak. 1980;

• Hamill and Sakmann, 1981; Hamill et al.. 1981). Further pulling on the
pipette results in a patch of membrane sealed across the orifice of the pipette
tip but with the outer cell membrane exposed to the bath (i.e., an "outside-
out patch"). The various types of patches are shown in Fig. 1A. Examples of
single channel recordings are shown in Fig. 1B for determination of channel
characteristics while the plots in Fig. IC illustrate the distribution of current

• amplitude and channel open time.
With these methods in hand the number of cell types from which re-

cordings have been made with patch clamp techniques is ever increasing.
and includes both electrically excitable and inexcitable tissues as well as
reconstituted membranes. An example of a cell-attached recording of both
the chemosensitive channel induced by ACh and the voltage-sensitive chan-

* nel by batrachotoxin can be seen in a single isolated interosseal muscle fiber
of the frog in Fig. 2 (Allen et ai., 1984). Patch clamp recordings have been
m'ade from ACh receptor/channel complexes, glutamate receptor/channel
complexes. GABAergic chloride channels, potassium channels, and calcium
channels, in preparations as diverse as epithelial and endocrine cells, dorsal
root ganglion, Torpedo electroplax, rat fibroblasts, macrophages, chromaffin

* cells, and hepatic and pancreatic cells to name but a few.
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FIGURE 1. (A) Schematic representation of the procedures which lead to recording configure-
lions. The figure labeled "Megaohm seal" is the configuration od a pipette in simple mechanical
contact with a cell. as has been used! in the past for single channel recording (Neher el ol.. 1978).
Upon a slight suctioq the seal between membrane and pipette iecnases in resistance by 2 to 3
orders of magnitude, forming what we call a cell-attached patch. The improved seal allows a
tenfold reduction in background noise. This stage is the starting point for manipulations to
isolate membrane patches which lead to two different celi-f"ee recording configurations (the
ouilsitle-ont aidd isiside-out patches). Alte.,n;.iivcly. voltage clamp c2urremts from whole cells can
be recnrcled after disruption of ihe patch membrane Jf cells of sufficiently small diameter are
used. The manipulations include withdrawal of the pipette fm the, cel fpull~. short exposure
of the pipette tip to air. and short pulses of suction or voltage applied to the pipette interior
while cill-attached. (Adapted from Sakmann and Neher. 1583.)

3. IMPACT OF NEUROTOXINS IN MOLECULAR
PHARMACOLOGY

Unquestionably, one of the major keys to unlocking the secrets of recep.
tor and ionic channels has been the availability of highly specific agents,
many of which are toxins of plant or animal origin. Among the animal toxins
that have receved prominent attention for studies of ionic channels are
tetrodotoxin (TTX), batrachotoxin (BTX), histrionicotoxin (FITX) (Figs. 2 and
3), and a group of peptide scorpion toxins. Because numerous reviews (see
following sections) on the sodium and potassium channels and on the ACh
receptor/channel complex and their interactions with toxins are available,
only a brief descriplion of these functional entities is presented here.

3.1. The Sodium Channel

TTX was originally isolated from a species of Tetroodon (Osbeck. 1771)
but Its presence was known even during the Shun Nung dynasty (2828-Z698
B.C.). Tahara (1910) Isolated the basic toxic principle from the puffer fish
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* (8) Sample recordings of single channel activity f."n iiterossmeal muscle of frog illustrating time
various parameters of measurement. (Allen and Albuquerque. unpublished results.) (C) Total
amplitude (C,) and open time (Cz} histograms of channel currents recorded at WCt. The micro-
pipette contained 0.2 ILM AM). and the chamnei currents were reortdod from clnl.attachiod patch
preparation at a holding pot.ntial of -95 mV. In the amplitude histoRrams. tla haicisse shows
the current amplitude in pico-ampera,. converted from the dilffmrentn between each point of the
digitized signal and the baseline, and binned in fijd 0.05-pA bins. The largeat peak. centered at
0 pA. represents the baseline or the noise of the chloed-c..anenl state. The channel open-time
histogram refers only to the events with an intermediate current level. The average channel
open time. estimateod from rte arithmetic mean. was about 4 maec.
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FICURE 2. An unstained skeletal muscle fiber enzymaticafly Isolated from the interosseal mus-
cle of Roana pipiens. The fiber was photographed with Nemassuki phase contrast optics and is
approximately 50 ILm wide and 1.7 mm long. The dark wase in the lower middle portion of the
muscle fiber is the apparent endplate region. The waveforms on either side of the figure repre-
sent unitary currents flowing through Ion channels recorded ismW the patch clamp technique.
Right side: ion currents activated by ACh and flowing tiuswna the recepstertion channel corn-
plex. The first ion channel current in the uipper right has an arepwlue of2.4 pA and a lifetime
of 10.2 mscc at a trmnsmombrarte potential of -80 mV. left side: inwardly flowing currents
activated by UTX and moving through a sodium channel. The ion channel currentI in the bottom
trace has an amplitude of 1.9 pA and lifetime of 30 msec at a tranamembran. potential of -90
mV. (From C. N. Allen, A. Akeike. and E~. X. Albuquaemeqa. Department of Pharmacology and
Experimental Therapeutics. University of Maryland. Schoel of maicima Baltimore, cover page.
I.Neurosci. 4(111. 1954.)
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and named it tetrodotoxin. However, the action of TTX remained obscure
until its specific blocking effect on sodium channels was revealed
(Narahashi et ai.. 1960). Soon after, the action of both TTX and another
marine toxin, saxitoxin (STX), was described in greater detail (Narahashi et
al., 1964; Kao and Fuhrman, 1963; Nakamura Pt al., 1965). Both TTX and

I* STX have been the subject of innumerable papers and several reviews (Kao.
1966, 1983; Evans. 1972; Narahashi. 1972. 1974; Catterall. 1980). These two
toxins are devoid of interaction with potassium or any other channels, with
any receptor thus far identified, and are only effective in blocking sodium
channels when applied to thi outer surface of the inembrane (e.g., see
Narehashi, 1974). Both toxins are extremely potent, with TrX inhibiting
neuronal sodium channel activation with a KI of 1.5 to 3 nM (Catterall, 1975,
1979). Likewise, (labeled) STX binds strongly to sodium channels with a K,
of about 3 nM and displaces both unlabeled STX and TTX. TTX and STX
block channels activated by other toxins such as scorpion toxins and BTX
(Figs. 2 and 4; Albuquerque et al.. 1971b; Narahashi et al., 1971; Allen et of.,
1984). Activation of channels has no effect whatsoever on the ability of STX

* or TTX to bind to the sodium channel. Thus, STX and TTX bind equally well
to the open and closed forms of the channel. That the binding sites for the

It
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FICURE 4. Characteristics of the sodium channels activated by iurarhatoxin (10 nM) recorded
at the extraijunctional region of the interoassei0 muscle. (Al Single indium channel currents from
a cell-altached pach were recorded at membrane poientials al -30. -7M'. and -110 mV. Two
simullaneous single channel evenls were seen in some caies. Dbwawavd dedlections mpresent
Inwardly flowing current. (13) A plot of (ihe relationship betwem the memnrnune potential and
the amplitude of currents flowing through a single sodium chaund. The slopeconductance was
calcilateI! to ba 19 pS. and 1ihe re-vrsal potential was .stimatld to he +20 mV, (C) A channel
lifetime histogram of currents aclivaled by IITX (10 nMI) anI iar.kded at -70 mV. The histo-
gram was fitted with a single exponential curve, as indicaied by the solid line. The mean
channel lifetime of these channels was 8.6 msi.t. (From Alcia et at.. 1984.)
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channel activators are indeed separate from those for TTX was initially
shown by Albuquerque et al. (1971a). Thus, sulfhydryl inhibitors could
abolish channel activation by BTX fFig. 5) without affecting the blocking
action of TTX (Albuquerque et al.. 1971a). These findings, however, do not
preclude the possibility that TTX could allosterically modify the binding of
BTX to the sodium channel. TTX and STX have had a prominent role in
characterizing. identifying, and isolating the sodium chaneci. It is now
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FICURE 5. Typical experiments showing thie ability of p-chtoromercuriberaxan. sulfortc acid
(PCMIJS) (A) and dithiothreitol (DTF1) (!3) to prevenat the datiolariziuat action of batrachotoxin
(IJTX) on tlia lobster giant axon. The effect of BTX (5.0 X 10- M) on this membrane potential of
a preparation bathed in playsiologi;;l solution (PIS) is shown by 0. In another ;)reparation.
PCMIIS (1.0 x 10 - M) was added! to tlhe inithicag media and thia aclion potentials with first
derivatives (upper reccrdsl and teinola mrana liotential (01 were simnultaikeotasly recordtd. The
concentration of IDiT was 20 mM. Tho (hot untler emtsacl atjiu i~nt~ial repruewnt itha tim, al
which tho record was taken and corresponds to lieu utaec.Lsa. (Front Albwltcpwrue el of.. Itl71a.)
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known that the purified sodium channel from rat lmain is a 316,000-dalton
protein comprising three polypeptidic subunits:a (260.(300 daltotts). P,
(39,000 daltons). and 0, (37.000 daltons) in a stakidhimetry of 1: 1 : 1 (Cat-
terall, 1984). Future developments concerning the nature, of the sodium
channel and its gating mechanisms will undoubtedly be linked to investiga-
tions with these toxins and their analogues as was rec-tily demonstrawed by
the work of Nurua and colleagues for the cloning of thec sodium channel and
elucidating its primary structure (Noda et al., '1984*. which derived from
pioneering work of Raftery and colleagues on isolation of tile sodium chan-
nel, using binding of radioactive TTX as an assay during purification
(Agnew and Raftery. 1979; Agnew et al., 1978, 1989%.

While TTX blocks the sodium channel, a number of agents increase
- -, sodium permeability by mnodifyinlg the sodium channel by affecting either

the inactivation or activation processes. Among those that remove sodium
channel inoctivation are various scorpion toxins including toxins from
Leiurus quinquestriatus. Buthus lamalus, Centnrurides sculptnratus. and
Tityus serrulatus. These and certain other peptide toxins zcr by removing or
shifting inactivalion (e.g.. see Warnick at al.. 1976; Catterall, 1977. 1979.
1980; JBertinni. 1978; Koppenhofer and Schmidt, 1959a.b. Mozhayeva et al.,
1980; Cahalan, 1973; flu at al.. 1983). Among rionperfide toxins that shift
sodium channel activation are the plant alkaloids acomitine and veratridine,
thle plant diterpene. graynotoxi~n. and ffhe highly priwnous animal alkaloid,
BTX. BTX. which is found only in the skin sc-cretiarts of a single genus of
dendrobatid frogs occurring in Costa Rica (Phyllobas 'uittatus). Panama (P.
lugubris). and Colombia (P'. auroneania, P. bicolor. P_ erribilis) (Fig. 6). Only
the Colombian frogs produce high levels of BTX and only these frogs are
used by natives to poison blowdarts (Myers et al., 1978). =IT kMerki and
Witkop. 1963: Daly at al., 1965, Tokuyama al al.. 19rA. 1969) was one of the
first molecules to he isolated, purified, and identified by X-ray crystallogra-
phy using thle symbolic additiot1 procedure (levelapsd by J. Kanle and i. L.
Karle (see Tokuyama et al.. 1968). This toxin is active on nearly all voltage-
sensitive sodium channels in heart, skeletal muscle. and nerve. In a series of
publications in tile early 1970s. Albuquaerque. VWarrick. and rollcagucs dem-
onstrated thle ability of I3TX to alter. properties of the sodium channni in
amphibian and mammalian nerve, skeletal muscle. ýnd squid axon, the an-
tagonism of its action by TTX and local anesthetics, and the inability of TTX
to antagonize 13TX in denervated skeletal muscles 'Ilarnick et al.. 1971.
1975; Albuquerque anti Warnick. 1972; Narahaslai el al., 1971: Albuquerque
et al.. 1971b, 1972). As in the case -)f animals which produce TTX je.g.. tho
puffer fish (Tetmondon) or salamander (Traicha towo~j or STX [e.g.. mussels
(Mytilus)!. thle motor nerves and skveltal muscles of hrogs (Phyllabates) that
make IITx are insensitive to their ac:tions even when expolsed to concentra-
tions many times greater (Fig. 7) (i.e.. in the micrmolar range) than thle
minimal concentration (picomolar to nanomolar range) necessary to cause
rlepolarizatiori ýu preparations fromn the~r SpeCiCs of frogs (Albuquerque et
al.. 1973d: Da~y at al.. 1900). Ono exception to the waneral rule that BTX
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FIGURE 7. Typical experiment showing the lack of effect of batracdItGoxzi Un tih i disectly
49 elicited action potential and resting membrane potential IlaRMl of fibers from the sactorius

muscle of the frog Phyllobates ourutuenia. The upper record shiows the adion potential corre-
spondiag to the time on the abscissa at which the records were taken. The mean resting mem-

brane potential is shown by the closed circles in the lower record and each point is the mean of

three fibers. (From Albuquerque et ul., 1973d.)

affects all voltage-dependent sodium channels except those of the frogs that
produce it seems to be the sodium channels in the horseshoe crab (Uniulus)
eye: BTX did rnot cause any significant effect on sodium permeability in the
retina of Limulus (E. X. Albuquerque, unpublished observations. 1973). The
actions of BTX on sodium channels are greatly enhanced by peptidic scor-
pion and anemone toxins (for a review see Cattcrall. 1984). These interac-
tions between activators of sodium channels such as BTX. veratridine. and
grayanotoxins and peptidic toxins that delay inactivatioa hi,•e been pro-
posed to be due to allosteric alterations in the conformation of the sodium
channels. Figure 8 illustrates one view of the binding sites for various ienu-
rotoxirs on the sodium channel.

In the heart. BTX and various allahigucs cause an increase in sodium

conductance that can le blocked by *I'X (Fig. 9). Such effects result in
cardiotoxicity as manifested by arrliythmnias. A-V block. mnultifocal ectopic
beats, ventricular tachycardia. and fibrillation (Kayaalp el (1)., 1970;: Iogan
and Albuquerque. 1971; Sltotzberger et ul.. 1976). lit skeletal muscle lYI'X
causes contracture of the muscle concurrent with etimetbrane depolarization
and an increase in spontaneous transmitter relcase (Warnirck ef ul., 1971;
Albuquerque et al.. 1971b). It is. however, its action on sodium channeis of
nerves that has received the greatest attention (Khodorov, 1979, 1985;
Khodorov el ntl., 1981; Khodurov and Revenko. 1979). BTX binds to sodium
channels in both their activc and resting states (Narahashli of al.. 1971;
Quandt and Narahashi. 1982; Allen et ol., 1984) and modifies its shlectivity
as shown by Khodorov (1979, 19115). IITX causes a shift in Ihl activation
process to a more negativ, jiotenttial. hut while the £hfocts tf I1TX may occur
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more slowly in the res:ing state, they occur nonetheless. In BTX-modified
channels, the ability of TTX to block the channel is not affected. However.
Brown (1986) has shown recently that TTX and STX decrease the affinity of
[:'H]-BTX-B to synaptoneurosomes (microsacs) and/or synaptosomes in a
temperature-dependent fashion. At 37*C a saturating concentration of TTX
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FIGURE . El:r.lt o'f tooottionin (MTX. 1 S x to- " g/ml) nn the heart Purkinin filhr of the dog

previlmsly ,lo.pinrired by listrachotowin IIITX). IRhr-g mre.mra potential (RIMPI tinder each
a! tints 1worinoti r,,cord orrerir"ne|s its lira time on tim alm:ika at whic:h ihle ricortli wise taken.
lm l|t oindner Pat Ii actlion gntential n'eord Infrlou4:alq thotirne at l whi:h the record was taken and

t firrespoti it. thlin Aritiss. N.Tyr. imi;aii" Tyrdhn'e s sultion. (From lioga and Albuuttqitee.
1q71 .)
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(1 ;.M) did not alter the binding affinity of [:rHJ-i3TX-8. As the temperature
was lowered. marked effects of TTX on BTX-B binding were observed such
that at 250C the K0 for BTX-B binding was increased from 40, nM to 160l aM
in the presence of TTX (Brown, 1986). This finding suggests hat TTX and/or
STX are able to allosterically modify the binding of BTX to the sodium
channel. On the other hand, BTX, veratridine, and the grayawotoxins appear
to compete for a common site of action (e.g., see Catteraii 1980). The scor-
pion toxins which affect sodium inactivation (Warnick et aL. 1976) enhance
the binding of, for example, BTX. by interacting allostericafly, at a site differ-
ent from that at which BTX binds. Thus, after less than 15 years of phar-
macological studies, BTX has been established as one of the most important
tools for the study of sodium channel activation, and has pmven indispens-
able for studies on reconstitution of isolated sodium d'annnls in lipid
bilayers (Agnew et al., 1978, 1980; Agnew and Raftery. 1IM; Kraeger of al.,
1983; Kraner at al., 1985; Hartshorne et ul., 1985).

3.2. The Potassium Channel

A number of general differences exist between potassium channels and
sodium channels. There are, !or example, no known activators of potassium
channels in the sense that BTX activates the sodium channel and causes
depolarization. While the sodium channels of most eleczically excitable
cells appear quite similar, different potassium channels even in the same
cell seem to be the rule rather than the exception (e... see Adrian et al.,
1970). Activation of sodium channels causes depolarizaton. while po-
tassium channel activation can result in either depoization or hyper-
polarization; blockade of the sodium channel (e.g.. by TTXQ leads to inex-
citability, while blockade of the potassium channel (e.. by TEA) yields
hyperexcitability. This leads to the conclusion that the po1.assium channel
serves some stabilizing function in electrically excitable metubra-•u. "'TX
has no effect on potassium channels but a related compomu. chiriquitoxin,
blocks both sodium and potassium channels. The effect dt chiuitoxin on
potassium channels is prevented by "I'rX (Kao e( al., 19S1.

A number of different potassium channels exist in membranes (i.e.,
inwardly and outwardly rectifying potassium channt•. calcium-coupled
potassium channels, and others). The present brief disc-sion is. however,
limited to the outward (delayed) rectifying potassium channe that is present
to varying exteats in a variety of nerve and muscle prepI itios.

In nerve and skeletal muscle at least. Ihe outwardly nmidying putassaum
channels are activated soon after sodium channel activation. They operate to
restore the membrane potential and maintain it at a set level [ie.. the resting
membrane potential). When blocked by TEA, 4-amirvwnrmdine. HITX. or
PCP, the action potential is prolonged. In amphibian acme and skeletal
muscle, 50% block of potassium channels with TEA applied externatly (e.g.,
see !!ille, 1967; Stanfield, 1970. 1983) occurs at 0.4 and 8-0 rM. respec-
tively. In squid axon, externaly applied TEA is virtually iatfeftive at high
inillimolar concentrations, while int;rnal aipplicatiun at 1-5 mM blocks tim
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potassium channels. The utility of TEA has been in physically separating the
potassium channels from the sodium channels and, along with other deriva-
tives of alkyl salts, in defining the nature of the potassium channel.

It is clear from the studies by Armstrong on squid axon (for a review see
Armstrong. 1975) that the potassium channel in squid axon has a shape akin
to that of an inverted funnel, with the widest part at the inner surface of the
membrane. The site for TEA here is, within.the "cone" of the funnel, but that
site is only accessible to TEA from the inside when the channel opens. TEA
can then block the channel with the curreent ga,,-- ope.- or dosed. In the
outwardly rectifying potassium channels of vertebrates, the TEA receptor is
external but apparently operates in the same manner as the internal site in
the squid axon.

Aminopyridines. particularly 4-aminopyridine, are another class of po-
tassium channel blockers that block the voltage-dependent potassium chan-
nel in invertebrate axons at millimolar concentrations (Pelhate et al., 1972;
Pelhate and Pichon. 1974: Meves and Pichon, 1975, 1977; Schauf et al.,
1975; Yeh et al., 1976a,b). On nerve terminals of the squid (I linas et al.,
1976). motor nerve terminals of the frog (Molgo et al.. 1975: Burley and
Jacobs, 1977. 1981: film and Thesleff. 1978; Lunddh. 1979). and skeletal mus-
cle (Gillespie and lfatter, 1975; Molgo. 1978). the effects of 4-aminopyridine
are apparent only at micromolar concentrations. Its effects have been at.
tributed wholly to the cnmp•und's ability to hNock outwardly rectifying
potassium channels in the,;e siructures. I lowever, sludies on molluse.n neu-
rons (llermann and German. 1981) and on vertebrate motor nerve terminals
(Lundh and Thesleff, 1977: Lundh, 1978) suggest that 4-aminopyridine may
also activate calcium-dependent potassium channels or possibly calcium
channels themselves.

A third class of potassium channel Mlockers are exemplified by PCP and
its analogues (Aguayn and Albuquerque. 198Gh). This psychoactive drug
appears to owe much of its effect on the release of various transmitters to its
ability to block potassium channels (Fig. 10) (Blaustein and Ickowicz, 1983;
Domino, 1978; Aguayo at a)., 1984: Albuquerque et al., 1981) and twitch
(Albuquerque et a... 1980a. 1983a; Tsai et al.. 1980). At concentrations as
low as 10 .M, PCP blocks delayed rectification in skeletal muscle and pro-
longs the muscle action potential (Fig. 11) (Albuquerque et al.. 1980a,
1983ah: Aguayo et al., 1984). But this drug also blocks potassium channels
presynaptically: In motor nerves at concentrations of 0.4 to I 1±lM it causes an
increase in ihe qutiantal release of ACh (Fig. 12) (Albuquerque et al., 1981.
198.3ab; Agutayo et al.. 1984) and in brain isolaled synaptosomes. PCP and
its active analogue m-amino-PCP block d,,polarization-induced "NORb * efflux
at 10--100 •M (Fig. 13).

Recently. an aziriftine derivative of PI'CP was foumd tii bind irreversibly
to the potassium channel in brain (Illaustein et al., 198H2 lllaustein and
Ickowicz. 1984). In radioactive form this analogue is being used in the isola-
tion anti purification of thc p•wtssium channel from rat brain. Remarkably.
iha ability of PCP to block rectifier potassium c.hannels in central and po.
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FIGURL 10. Voltage--current relationship recorded [roant stiff" filn of frai Sartatius mluscle
in the presenc-e (if 10 LNM I'MP ni-aaniiiao-PCI'. and ni-nilro-i'CI'. The uwadaks were otainually
exposed to tetiodotoxiin (I aLMI to block sodium coliductanixi both beow.g (cojnltrol 01 and
during exposure to the crnipotinds (0). insets shiow tYpbtuA recards fru central filmrs (upper)
and drug-treatud flibera (lower) after 45-60 aiuiz of expoistirr. Em~t point rewsertis; the invn ts
S.D.) of 3-8 determnationais front 7-10 filers for control ajid 10-15 fiben thrinti, (fruit tribat-
rinent. Fach muscle served as its own control. Sing~le .steris&.s indicate, a spgnificaws difference
betwveen control and drug-treated values (p) < 0.02). Diouble asterisks imulicate p < 0.001 at the,
puitti aid jc~nale and whuen gre~atur currenits were atapthim. iFromn Aguayed of.. IlflZ.)

riphieral structures is shared by its behaviorally inactive atialogucs (rn-nitro-
PCP, PCG, p-chloro-PCP, p-methyl-PCP) (Aguayo et ci.. 19841. Such studias
of effects of PCP on peripheral and central syntapses form the basis for a
better understanding of the structure of the potassium diamsci and thec possi-

* ble role of potassiumn channels in the psytchopathology causecd by PGP'. Thie
research may !cad to elucidation of file mtolccular alteratiotm Ilicsent in
schizophrenia (Vickroy and Johnson. 19812). It should be mentioned that PCP
and some of its analagaics appear to be rather important tools for the devel-
opment of animal modtuels with scltizophirettic-type behavior.

* FIGURE 11. Effect of PCP' on the aoita outaniftial-g(eiifI- CONTROL. PCP
at ivi; nuechani sans. DirectlIy elicited aict ion potent jals

(upper trace, single recr~d) anti their first derivlia 14-M

glycorol-treaiaed frog sartod'ius inust;hi. before and after
tret altont Witlli fu(1(00 6&iM I for 60t aaaia. Tifi h oriminatal 2 So vse

trface is the zero piotatautial. Meaobrinin jlitNMiltiahs weae2nee
haItid at -jj0 otV before c301i stimulus. (Iroan siwi P1t al..
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FtCURF 12. Wedc of PCP and its analogues
on the quantal content of EPPS in frog sar-

220- torius muscle in the presence of 10 mM Mg2 *

* (expressed as a percentage of the control re-

z 180-minations at one enidplate in at least three
00 muscles in which the drug was applied ini-

140 tially at the lowest concentration. and record-
P.0 10 ing' then was made between 30 and 60 min

< ~after additionof drug. T7he drug concentration
0 was then raised successively, and the record-

100 ings were made again. Fach cell served as its
0.1 51.0 own control. 0. m-amino-PCP; 0. PCP: 0.0.1 05 1.0 PMC; A. r-n-ero-PC.P. *. p < 0.05; **. P <

CONCENTRATION [P1 0.01. (Frorn Albuquerque et al.. 1981.)
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l-1CIJjRE 13 Dose-resiponito curve showing the effed of mn-amnino. 1C? on (ith offlux of ~"1Th'.
loadedl aynaptosom"~. The elfltis solutionst contalsnod S mM (0)l or 60 mM (0I K*. Abincissa:
pfrcentatte of originally asar.tinmtilatet 06Rb I !hat wvas retained by tim iyooptomiomes (I.e.. on the
filetirs' cftrr n 2flst-t: inokk no m:tn. l:.chl synihuol howis this mesan o~f valuies from three
differem~ experitnenta ffottr d,,t,,rn i ,tint oos 1I4x1 ircsiewiment) ± S.EM. In"Wt Effect of 3.4.
(jiamifinpyrtdline on Rh -loaahde tyntiittmoenea.sm A lianction of K,, . All efllux 4oluitions con-
laintil 511t mM Na *: thes remaitiituhr tlofe te nsirfal Na * was rettacml issomotlcAlfy by K I or
chsoline, of both, to give the K.. I shown on the abscissat (Kq, I + choline - 100 orMI. The values
shown indicate the percenotagn (if t1.raffinoa.:lvity lost from [hit tsyw~aptivioae (luring a 15-sec
imli,,altien at 3ttC*. 0. coantrols; 0. 11, Rllj, Ain h thm lomwistiwn of 50 1I.M I.i.illeaminopyvitline.
(From Ahhwmirotronrcpm tol ., 1911h.)
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3.3. The Nicotinic Acetylcholine Receptor/Channel Complex

* 3.3.1. Physical Properties

One of the earliest examples of natural toxins utilized to examine the
neuromuscular junction was "curare" obtained front the South American
plant Chondrodendron tomentosurn. In the hands of Claude Bernard, the

* crude extract proved to be highly specific in interrupting the ttansmission of
* electrical signals between nerve and muscle (Bernard. 18571. These studies

* set the groundwork for many subsequent investigations using curare as a
* ligand for binding studies on the nicotinic AChR (e.g.. see Clhagas. 1952.

1959). The fundamental studies of Lee and his colleagues an an elapid ven-
om (Lee, 1972; see also Lee, 1979) ushered in a new era in the investigationi
of the function and structure of the peripherally located AChR.* Titus, the

* isolation and characterization of one active constituent of the elapid venom,
namely a-bungarotoxin (BGT). provided a highly specific, -irreversible"
ligand for the nicotinic receptor. Its use played a major role in the elucida-
tion of the nature of the AChiR. This peptide molecule with a molecular
weight of 8000 daltons has pharmacological actions similar to those of
tubocurarine (TC), the active principle in "curare." with one important ex-

* ception: BGT is only slowly reversible with a half-life for reversal of receptor
*blockade measured in hours rather than seconds or minutes for TC (Albu-

* querque et al., 1974a; lBa.nard el al., 1975; Lapa et al.. 1974; Ghiu et al.,
1974). Utilizing JICT. tile binding sites for ACh in skeleta muscle were
found to be clusteripd at the tops of the junctional folds. The density of these
binding sites was estimated to be 20,00C/lpan" (Fertuck and Salpeter. 1974,

* 1976; Albuquerque et al.. 1974a; Porter and Barnard, 197r." Barnard et al..
1975; Land et a)., 1980; Matt hews-BcllIi tger anti Salpeter. 1978). fin eloc-
troplax of the electric eel Electropllorus electricus. the density of binding
sites is higher than in skeletal muscle (50,000I/ALm2) (Bourgeois et al., 1973;
Cohen and Chiangeux, 1975). while that in (lhe electric rays of the genus
Torpedo is slightly lower (12,000-15,00O/pIL1x2) (Cartaud and Blenedetti,

* ~1973). Because of the large amounts of receptor present in electrojilax of the
electric rays in comparison with the small cadplate of the skeletal muscle.
this preparation has been the subject of most investigations aimed at deter-
mining the substructure of the AChIi mai~cromnolecule. A awumer of recent
reviews have dealt specifically with the AChII (Steinbach and Stevens. 1976;
Karlin. 1980; Heidmann and Changoux, 1978; Colquhoun. 1973, 1979, 1980;

* ~Gage, 1976; Albuquerque el a)., 1380a; Albuquerque and Oliveira. 1979.

IElther most of the nicotinit; and mfuscgrinici rfletitars located in the cerAW hiervo"s system
anti at ganglionic synapses ara insensitive to a-bungarotoxin of Use tuain is a vwek and
reversible competitive anta'gunixt. Perhalis an exceptioti to these actionse-ung arutgti~xin is
the nicotinic AChRs locatoiI on the optic lobe oif gwoontal chtickenls (1iarnuad and Uuly. ISM2).
It will be necessary, however, to IMwrfotni nlimtroilphysioliigical coneiale espetiateu:.s at thosa
putative ACI~s. especially Of pItdI1 clainip. to vvaluate thioroughly the me~t~u~aa ptuat-
niacology oi tits" receiptors at thia central synapses.
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Spivak and Albuquerque. 1982; Warnick et al., 1983; Changeux et al., 1984)
and only a. brief account of these findings is presented here.

With the use of radiolabeted ligands the substructure of the nAChR from
Torpedo californica was shown to be composed of five subunits in the ratio
a2 : 0y :8. Two of the polypeptide monomers (a) are identical subunits of
40.000 daltons each and the remaining three are 50,000 ({3), 60.000 (f). and
65,000 (8) daltons each (Raftery et al.. 1980; Li:dstrom et a).. 1979; Conti-
Tronconi and Raftery, 1982: A,±holt et al.. 1984). Cloning techniques were
used to elucidate the primary structure of the five subunits of AChR isolated
from Torpedo electroplax (Noda et al.. 1983a.b). A schematic layout of this
macromolecule (adapted from Klymkowsky and Stroud, 1979; Spivak and
Albuquerque. 1982; Kistler et a)., 1982) is shown in Fig. 14 and illustrates
the apposition of the -y subunit between the two x subunits as recently
suggested by Karlin et al. (1983). The arrangement of the chains is thus

otyap8. The molecular mass of the complete complex which comprises near-

0 0

...... F'M IR 14. Diagrammatic repV-
n.rpenttim ofa the acetyldoline
rm:eptorflon channel macro-

moirh.ilo showing the inversion
o the mt.Tromonoclile throtigh
litim ilipid membrmne. The lower
figures delpict lia live suhunilt

which urnnprt.he Moleule.
(From Attnocq qse imrti al.. 19186.1
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ly 2400 amino acids, however, is greater than 255,000 daltons (Martinez-
Carrion et ol., 1975; 1lucho et al., 1978; Reynolds and Karlin. 1978; Wise et

! * al., 1979). The greater mass of the native receptor than that of the total of thle
five polypeptide monomers can be accounted for by the presence of a
number of oligosaccharides. This asymmetric protein complex traverses the
entire phospholipid bilayer, is 100 nm long, extends about 5.5 nm from tile
outer surface of the membrane and 1.5 nm into the cytoplasm (Ross el al.,
1977; Klymkowsky et al., 1980; Klynikowsky and Stroud. 1979: Rash l cal.,
1978; Karlin et al.. 1978; Kistler at al., 1982; Noda at al., 1983b; Brisson and
Unwin, 1985). Viewed by both electron microscopy and X-ra, diffraction.
the nAChR appears to have a central pore 1.5-2.5 nni in diameter, which
seems to be the external opening of the ionic channel (e.g.. see Cohen and
Changeux, 1975; Kistler et al., 1982). The opening of tile channel extends far
enough above the plane of the membrane that is not influenced by tie dif-

0 fuse electrical double layer of the naenibrane surface.
In the intact state and when the five monomers are recon.tituted in an

artificial membrane, the channel of the nAChR is not cation selective in that
it remains highly permeable to both sodium and potassium ions. The recon-
stituted channel remains impermeable to anions and reacts appropriately to
both cholinergic agonists and antagonists (Takeuchi and Takeuchi, 1959;

* Tank et al., 1983; Anholt et al., 1984).

3.3.2. Receptor/Channel Activation

Unlike the electrically excitable sodium and potassium channels, chan-
nels at the endplate are responsive to either ACh or other cholinergic ago-
nists, such as carbamylcholine, succinylcholitme, and subcryldicholine and
to potent alkaloids such as nicotine and aioatoxin-a (Fig. 15) (Spivak et ai.,
1980, 1983b; Albuquerque and Spivak. 1984; Swanson et ul., 1986). Both
nicotine and anatoxin-a, .ire. respectively, tertiary and secondary amnines in
contrast to thc other c:holiamergic agoniists, which are qu,-ernary aminies.
Anatoxin-a, a semirigid secondary aminue isolated fron the alga Anzheno

* flos-aquue, its analogues, and certain other molecules (see Table 1) cross the
blood-brain barrier, and may provide the basis for a drug to alleviate the

r --- 1
FIGURE 15. Gornpariton of the strUitwU$ I
of -s-i+-( +An'rX istd ACi. The cofornma- i , A
tions In whicih ACh sisd (+)AniTX may 01 I .
bind to the nismi•m•i. : raL.lptor actuArtliiig its

nodels. as desc.ribed in th" text. are shown

nl ul.. dai, w.s

0

0
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TABLE I
Pot encies of Agonists Relative to (+)-AnTX-aa-b

Drug Relative potency x 100

(+l-AnTX-a 100.0
Arecolone methiodide 29.0
(-l.Penruginitte methictilide 11.0
Atecoline rmethiodide 4.3
(-)-Cytisinie .
C-arbamylcholine 3.3
(±)-Muscarone iodide 2.6
Tclramethvlammronitam iodlide 0.67
Arecolone 0.57
naro-)-.F~rrginine 0.3
(- J-Feffruginine 0.13
3-Acetylpyridine methiaodide 0.07
Arecoline 3.03c

'From Aliuquerque and Sguivak (1994).
h'lotencies. ddisine as the recipirmials of the equipalena molar ratios, were

- estimated using ronormnraof i the roudus abdaminis muscle from ilhe frog
flona pipiens. Jetam arefrmn Spivak dt al. (3980. 19831p).

decrease in cholinergic function underlying certain cholinergic diseases. fn
addi',,-n. as a semirigid molecule ilnatoxin may perm it ffhe study of confor.
mat ion adjustments of the macromolecules comprising the nAChR indepen.
dent of conformational changes in the agonist molecule. A number of other
nicotinic agonists have been studied (Tables 1 and 2). These agonist3 interact
presumably with the recognition sitefs) on the (z chains of the nAChR and
cause the channel to open, becoming permeable primarily to sodium and
potassium ions (Fig. 16). As membrane depolarization proceeds under the
influence of ACII, the membrane potential approaches the threshold for ac-
tivation of the sodium channels in the electrically excitable membrane that

TABLES 2
Nicotinic Receptor/ton Channel Cotmplex-

Agonists Patrtial agonists Antagoniest

Acetylcholine 1)vcamethonnhm d-Tuhoicurarf ne
CArbsimylchlanlne Nerrislnxin 0-llungarotosln
Analoxin-a 1111ylsotilgmlne Quintnicidinyl benailitle
Dhikoonatoxin Pyridasligmine Tetrnethylammonitim
Arat olino li'oie
Arecoline tnelhiodide Qulnidlind
Telrrtnthyiannmanitim Pumilmnleinxl
Cytiolne Nictinelt
Mittocaronte
Sultunrylalc~hollna:
Nicotine

*Frmn Alrnjquaeiemal al, (f19641.
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ACETYLCHOLINE 300 nl

S- .00

-1 0 FT1TT"
(-t-ANATOXIN 20 rMW- NowI ... 8, .... - !tT
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FIGURE 16. Single channel currents induced by AChI and (+)AnTX. (TopiCund rescordingsat
soveral potentials with ACh as the agonist. At hyperpolariz'.d. tpoteamtialstdsea, neissmained
open longer. There were few slhort closing events. The channels shown• a typica with ramped
to the number of short closing uvents. (Mildle. bottom) Typical current recondins in tie pardi
clamp shown for both 20 and 200 nM (+ )AnTX. The channels are vary sutiiw to thIos Sa
with ACh except fcr the addition of numerous short closures. in this fiom the chammis
collected show the short-duration events. There is a distinct difference bLoiwet aduortluiol
the short and long closures. (Front Swanson et oi.. igo9.1

Ip
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surrJ-inds the motor endplate in the postsynaptic membrane. The resuliant
response is an action potential that traverses the sarcolemma of the skeletal
muscle and eventually causes release of stored calcium ions and muscle
twitch.

With the use of voltage clamp techniques it was possible to examine the
current which underlies the graded EPP after channel activation. Under
voltage clamp conditions, the amplitude and decay time constant of the
neurally evoked EPC are dependent on the membrane potential (i.e.. they are
voltage-dependent) and also seemingly dependent on the agonist-activator
(Magleby and Stevens, 1972a,b; A!buquerque et al., 1974b; Kuba et al.,
1974). Later observations did show that channel conductance is far less
variable than channel lifetime in response to various agonists (Spivak et al.,
1980: Albuquerque and Spivak. 1984; Colquhoun, 1979). For example, using
a variety of techniques iticluding binding (Table 3), voltage clamp of end-
plate channels, noise analysis, and patch clamp, the order of channel life-
time with cholinergic agonists is carbamylcholine > suberyldicholine >
ACh > anatoxin-a (Fig. 17) in a ratio of approximately 4 : 2: 1 : 0.8 (Katz and
Miledi. 1973; Adams, 1974; Colquhoun of al., 1975; Colquhoun, 1979: Neher
and Sakmann. 1975. 1976. Spivak of al.. 1980; Swanson et al., 1986). Anat-
oxin-a opens the channel with a conductance equal to ACh. but with a
somewhat shorter lifetime (Figs. 18 and 19, Tables 4 and 5) (Spivak et cl..
1980; Swanson et al.. 1986: Albuquerque and Spivak. 1984) ond possesses a
potency, as determined by muscle contracture studies, equal to or greater

50.

40

oA20-

6

10

Log (AQoai1 M

FI(;CURi; 17. Rileliv potency of th. (+ ÷ nndI t -) isomets of AnTX in eliciting contrioutura of frng
remctos abdominis. The rnItivem potency of aonists to Contrac:t ihe rectus Jehdominis muIscq wa.
d.ittrmt.med withomit (orlmn symbiolt) and with (filhtd sivmtmilo DFP treatment. The relative
potency of CARR (tA, A and A(tJO. 0. was detmmined u•i•ng toor m•scles each. The r"inlive
potenci.,, of CARII, (+ IAn rx (o. *. anti (- )AnTX (U.. M wanv de..termined using ihrre muitshys

cach. The data presentimd flr CARRI irpreinil conmtbinte . xiwrittent•. (From Swanson ef al..
t!1iet.)
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TABLE 3
Influence of (+)AnTX and ACh on Ligand Binding to Receptor and Ion Clalnel

Sites in Torpedo Electric Organ,

Receptor: [1zs:BIIGT Ion caunae: 1[3!1-lHizTX

Compound ICso (OV.I)b R,: E05a (IJ.MI Rý

ACh 0.30 = 0.05 1 0.15 ± 0.06 1
(+)AnTX 0.085 :t 0.008 3.5 0.032 = 0.10 4.7

(-)AnTX 4.4 ± 0.3 0.0611 1.6 = 0.3 0t.014

"=Meot% I S.D., N - 4 in canch cas.e. Front Swanson (I ul. (19Htil.
bThe concontration of agonist which inihibitud 5 mM i '"III-OGT binding by 50"M
"Relativo potoncy of the agOnists (ACa - 1) all inhibil.g rctwllor biidi.tg and samilating in channael
binding.

"1TThe concetnlration of agonist which Stinulated the bin ding of 2 INM 'Illl-3I1lr1T- to hal of the 111axisna
extent. All of the agoltsts stiimulzlcd 1 'III-I1,,IITX binding to the same extent 1 :it sm)p.

TABLE 4
Conductan;e Properties o(f Nicotinic Ionic

Channels of Frog Skeletal Muscle in Respotme
to ACh and AnTX"

Conductanuc Curremt at
Agon;.t (pSI -90 ntV (pA)

ACh. 300 nM 27.4 ± 1.411 3.0 ± 0.3
,+)AnTX. 20 aM 20.9 ± 4A9 2.5 1 1.3

( t t1AI'X. 200I ai 211.7 ± 1,7 2.1 t iU!

"From .Siwanson etl Wd. iI.
""Mor t S.1.. N - 5 to 7 imtclhes for 41,hertmiimwlitn o iadidilal

slope conduc.latce valuoe.

TABLE 5
Kinetic Properties of Nicotinic Tonic Chantnels of Frog Skecteal Muscle in

Response to ACh and Ata.x,

Lifitlhne (tsncI 0-fold Burst time Irnr-) e-fold
Agonist at -90 mV (,11V} at -, 3 mY (111V)

ACla, 300 nM 6.7 (5.7b3t. t3 1,10-1m) 11.1 (7.7-10,0l 56i 145-731
(+)AnTX. 20 nM 2.9 12.4-3.31 57 (47-761) 4.8 ('.3-5.41 49 149-r•l)

(+)AnTrX. 200 aM 2.7 (2.4-2.91 84 (69-t06l 5.3 (4.7-6.11 63152-82)

"Fremn Swanson et oil, 119gI).
"blanlg-h orie 15% ConIld,'nfLa itervals. N 1 t7 lnt 22 Iilhttisle (otr i!m,;lt lit line.
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1980; Swanson et al.. 1986). suggest that activation may be described by the
foliowing scheme:

A,,.

A + R AR' AROA AR'A (2)

R AR

where A is the agonist molecule: R is the native nAChR: AR' is the first
agonist-nAChR complex. in which R' denotes a localized conformational
change to one a subunit that may modify the binding rate constant for the
second agonist molecule but cannot open the channel by itself- and AR"A
denotes another conformation of the nAChR (channel still closed) binding
two ACh molecules. The R*. AR', and AR'A states are open channel states
(which in turn may have substates depending on the agonist). Without an
agonist, R° has a very low probability of existence. estimated to be less than
2 out of 10'l (Neubig and Cohen, 1979). Even this. however. may be an
overstatement. Thus, the need for activation of the nAChR by two agonist
molecules may be the mechanism by which the response of the endplate to
spontaneous release (i.e.. leakage) of transmitter from storage sites is at least
in part reduced. In the presence of an agonist, !he conformational change
appears to be rate limiting (e.g.. see Adler el al.. 1978; Sakmann and Adams,
1979).

3.3.3. Blockade of the nAChR Open and Closed Forms

In the past, it was convenient to classify neirronmscular blocking agents
(NMBAs) on their ability to depolarize the receptors at the neuromuscular
junction (NMJ) or to rccupy those receptors and prevent depolarization
(onidepolnrizing) by ACh or some other cholinergic agonist (e.g., see Taylor
and N'!dergaard. 19si5). Typical of hIe d(cpolari-ing agents are do-
carmitehonitrn and succinyh:holine, while the antidepolarizi ng agents in-
chide, among r t -. :t', TC. panri|rnnitim. atd I(CT. Other terms which have
t.en a pplir.d Ilo NMRAs rr!I|iec:t the binding c:haracteristics of the agent in
qu;eslion on Ot'e nAChR. Thuor. a competitive antagonist hinds reversihlv to
the "re:ogrnitin sites" for A( n ;rod prevents both i the hinding of ACh and its
acttivat il,. of tihl macrnmolc.uhl,. When expres-sed in terms of a double.
reriprrnal (I .: neweaver- fluirk) plot where a is the change in rwignitude of
Ih:, hio!,'gical respi,)nq and X is flite drug ron(•entralinn. the resul.tant ,mrve
hiI a) I uerlIt( ton thie y .1XuI s 1/- ...... an t anx inthriept - --1 /K, [Fig. ml.
"iT!...- ,•-, •iifm iiinfi Michn0.1is- Mrtif,-.! kineptics is I/A --- ]K(/A ..... . I [I/I(Xll +

I ,A... mda i astraight tue. For a reversible rnmp-f itive nita.i:ntiki that hRq
ii, tit ri nstie alit lity In at fii vtt t flu, rrr.ptor ulhv nr-l u-n plex. the slope of the
rt u i•nshiij 1l/A vursnns If.\ inrru''n.w.. lut .•... is ;uu.ultered. In othe:r words, a

iig enrough cnemtlr•aliott (l t it, ag. irust cao tIx real hed ltheorulically tit bar
tile Iffe.t ofl the anutagirmi-O. It supprars Ih•la tfll!' a glh f ilt has Offectively
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NONCOMPETITIVE COMPETITIVE

AgonAso I/t
Antagonists

i/AlA 
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1/I-it 1/1
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FIGURE 20. Uouble-reciprcacli plot for coineiindcwct fdm~tsi otfloitrteiiei
Competitive drugs.

decreased the affinity of a drug (agonist) for its receptor (recognition site).
Such is the case for AC1h and -&-C.

In thie case of th lmc maon~xcpetitive antagonist, a number of intcractions
with thle agonist are possible. lin (ci tlhc interaction between antagonist and
receptor is so effective (or [icariy so) that tile agonist cannot combine with
that site. In another, the in~teraction of the antagonist may be at ,a site distant
(downstream) from thle agonist sitc. such that the antagonist. although h,-v-
ing no effect on agonist binding. effectively prevents thia result of rececptor
occupation. Still another possibility is at, allosteric effect of lthe antagonist
cilhcr to prevent agonist-induccdi changes by producing unfavorable staric
alterations or by prevcnting alterations~ favorable to agonist-induced activa-
lion. In anyv case, thle resultant inicicmxver-liurk plot ~iiig. 2tf; ruveals a
strnking dissimLaarity 4. that of thie competitive antagominst. In thle prf-sclce of
a fixed concentration of noncomipeti tive ;antaganist, thle slope of tile rela-
tionship 1/A versus IIX is again changed but here. A.....,,. is reduced while

11IK. is unchanged amid thea system 1whavcs as if the total number of recep-
tors has decreased.

Competifive blockers of lthe nAC~hR includ',- most of tlia well-known (and
clinically useful) onlidepolurizing NMIIAs. These agents, such as *fC or
pancuronium. cause a reduction in lthe peak amplitude of ilha endplato and
miniature endplate currents (EPC and MIEPC) without affecting ilhe channel
lifetime or cond uctance. Such ageol s also inihibit (the binding of 1-11 fi-A~h to
its recognition sites. HUT.r wh~ich is also a mnember of thle antidepolarizing
gr'i p, typifies, moure than any other, the noticompecfi~ve blocker that binds so
figimt ly to the recognition .silos of Ilite nACtiR that tile 6tnding of AlII to those
sites is effectively lost. lIn fact. thia biniding of IJGT is quasi-irreversible.
Washing of tissues after expo)sure to this toxini for 4-8 hrt does result in a
minimal reversal, such that a small subthreshold resplonse to nerve stimiula-
tion or to ACh can he -.Pon (Albuqkirquoel Wiu.. 1973a).

Only with lthe availability of OC(T its blcxkur of lthe recogitiiwio site canttl
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the realization that another noncompetitive site of drug action existed with-
in the nAChR. Oniy then could one explain the ability of a number of agents
to block neuromuscular transmission postsynaptically without protecting
against the binding of BGT. as is the case with TC, or the inability of cho-
linesterase inhibitors to reverse neuromuscular block caused by these
agents. A second site of action for blockade of the nAChR, namely the ionic
channel, became apparent when I ITX was reported to block neuromuscular
transmission without affecting the binding of BGT (Albuquerque et al.,
1973a). This was followed by several important papers dealing with a variety
of drugs which were found to affect the ionic channel associated with the
nAChR. Thus, a number of local anesthetic (Adams. 1977, Neher and Stein-
bach, 1978: Ikeda et al., 1984: Aracava et al.. 1984b). antimuscarinic (Adler
and Albuque.que. 1976; Adler et al., 1978: Feltz and Large, 1976; Feltz et of.,
1977; Katz and Miledi, 1973; Magazanik and Vyskocil, 1970, 1973). anti-
microbial (Adams and Feltz, 1980ab: Tsai et aL.. 1979; Cox et al., 1985).
antiviral (Albuquerque et al.. 1978: Tsai et ae., 1978: Warnick et ol., 1982,
1984), and psychoactive (Albuquerque et at.. 1980b; Aguayo et al.. 1984;
Madsen and Albuquerque, 1985) drugs (see Table 6 for these and other
agents) were reported to have neuromuscular blocking actions via their abil-
ity to block the ionic channel of the nAChR. It even was discovered that the
classical nntidepolarizing, competiiive NMBAs. such as TC. once thought to
,:emt.pe1e exclusively wih ACh at its recognitio.. sites, also had effects at the
ionic channel of the nAChR (Katz and Miledi. 1978: Manalis, 1977; Col.
quhoun and Sheridan. 1979; Colquhoun et of.. 1979; Shaker et al., 1982).
Such drgs cause a voltage-dependent shortening of the decay time constant
of the EPC and shorten channel lifetime. In such cases. ACh still binds to the
"recognition site," but the channel does not open or is physically occluded
by #he drug once it is open (i.e.. open blocki. Sach interaction with "channel
sites" can be detected by the effect of drugs on the binding of I:1H.Ij4J HTX to
channel sites along with a lack of effect or enhancement of binding of '311-

ACh to its recognition sites on the "receptor."
Is the site of action of each of the channel blockerm identical, or does the

channel present a multiplicity of sites? The answer seems to be that there are
at !east two sites that can modify the configuration assumed by a single
nAChR (the microscopic event) and alter the kinetics of the EPC (the
macroscopic event). One must remember that the refeptor was thought of as
a single entity for dnrg action not more than 15-20 years igo and now we
know that at least two primary sites for ACh attachment exist and that the ci
.sthinits containing these sites also complise part of the ionic channel. Tel
term receptor now more defines the concept of a target throtigh which a dr(ig
acts, rather ihan a specific entity. The same is now true of the ionic channel.
To say that one -r another drug is a blocker of the ionic channel serves more
i; descrilu the a,:tion witlhin the nAChR rather than some specific molercular
en~it'. Most stitles privide definitive evidence thai the nAChR contains a
nturnber of sites for drii action: (1) recognition sites fG'r 1.C0. certain cho-
linergic agonists, and sowrv crmpetitive. nondepolarizihg NMHAs on the a
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TABLE 6
Ionic Channel lInhibitors".1a

Nicotinic receptor/ion% LhanDCl complex coailortations

Open or co.nductinxg Resting or closed hitertnediate-nonconducting

HTX HTX HTXK
HI2HTX l-i. 2 itrx H,,IT

* ~N-Benzyiozaspiro-HTX Azaspiro-li TX AzsoIiTX

Depentyl.H 5l-la-TX Ucpcaatyl-fl1 j'lX
PCP iCP PCP
PCI' methiodide rn-Arnaino-PCP rn-Arnino-PC?
m-Nitro-PCP ni-Nitro-P'CP rn-Nitro-PCP
?CC PCC Pcc
PICE
Naltrexone Naltrexona
Naloxone Naloxone
Lavallorphan
Cephyrotoxin Gephyrotoxin Cephyrotoxin
Amnantadine and analugues Amnantadine and anaioguer-
Quinidine Quic~idine
d-Tubocurarine dl-Tubocurarine
Teiraethylarnmoniumn Tel raethya'iannionium
Physostiginine I'llysos i gmuin Physoslignilleo

Pyridostigminiai Pyridossignaizs
Decaniethonium Decamethoniuzn
Piperocaine Piperocaine
9upivac-aine Imipirainina Iri.ip.arnine
Atropine IDcsirniprainino Dcsiinipramnins

*Sc;opolamnine Nortripatylina Nortriptyline
Quirauclidinylbenzilate Amaitriptyhine Arniftiplyliai
Mecamy~lamnine (racenaic) Mepro~adifen Meprcoadilen,
Kenarn6110 SKF 10047 SKF '0047
VX Phnanuilliazille
Tr iphenyirnathylphosphoniurn

*From Albaaqawque el al. (1984) said Aqaaayoansd Albauquerquea (191101.
bIITX. hiastnowAAw, iosn. I 1,1 ITX. potbyc~ruhistrinuitoloxaa; PINT. Phro~cychiaiaa..1 '( 2--itiffivaiieoryclaheut-

gais~agoaaarao. C.E N-sahpyl.1 .phwnylcycielonlsx1mia.e. VX. 0-rittayISlZda.pfmaoahIaay
plwspiaotaahoahuta.

subunits of tho nAChR miacromolecule; (2) allosteric sitcs. which inteefere
with the binding tf agonists to the recognition sites; and (3) sites for a

* diverse scl, of dIrugs which block tlia ionic current without interfering with
the binding of drugs !i Ilia recognition riles. There can then be at least two
modes by which a driig blocks the endplate channel: in its open conforma-
tlion Or its clused state. But in cases of agents such as HTX. pieunthItiazi tis.
and many other ligands (Table (;). two such maodes are not sufficient to
explain their actions.

3.3.3a. Open CIhannal Blulckcde. By definition. endplate channel
blockers are noncomnpetitive alabagunists of A~h. Ilia biriding of such agents
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to sites in the nAChR results in a change in the time course of the EPC and in
the relationship between the EPC and membrane potential. There are two
groups of such drugs: one group produces monophasic changes in the time
course of the EPC: the other induces a double exponential decay. The first
group is typified by atropine (Adler et al.. 1978). amantadine (Tsai et al.,
1978). quinuclidinyl-benzylate (QN11) (Schofield et al., 1981a), and bupiva-
caine (Ikeda et al.. 1984; Aracava el al.. 1984b). The second group of drugs
that produce double exponential decays is more circumscribed. This type of
blockade was demonstrated with local anesthetics such as lidocaine (Stein-
bach, 1968a.b). piperocaine (Tiedt el al.. 1979). and QX-222, a quaternary
derivative of lidocaine (Beam. 1976a.b). and with scopolamine (Adler and
Albuquerque. 1976: Adler el al.. 1978) using yoltage clamp to examine EPCs
and under patch clamp (Steinbach, 1977; Neher and Steinbach, 1978; Ikeda
et al., 1984; Aracava el al., 1984b) in which single channel currents could be
observed. During exposure to lidocaine. QX-222, and scopolamine, EPCs
exhibited a reduction in peak amplitude, but more importantly, their falling
phase was initially more abrupt and then slowed exhibiting a double expo-
nential decay. In addition, the channel current observed under patch clamp
"flirkered" through a series of openings and closings in rapid succession
consistent with the blocking and unblocking of the channel in its open
conformation. The -flickering" increased with drug concentration and
eventually prolonged the time during which the channel remained open and
either conducting or blocked, but lengthened the time to channel closure.
Such evidence from single channel currents is consistent with an open chan-
nel blockade and with evidence obtained mostly from the decay of EPCs.
Based on these experiments we must add one more step to define the se-
quential model as follows:

D

AR°A = AR"A ARAD (3)

I)

l{aogi~l) tOPafi (Olmn but blocaed)

The drug. D. binds to the open clanne., AR* A. to produce a blocked species
AR AD. The decrease of the decay time constant of the EPC by drugs, such
ali bupivacaine (Fig. 21). is apparently the result of a block of the channel in
the open conformation that is caus-d by a shortening of channel lifetime
(Fig. 22). Since tie formation of the open species rcac.hed a maximum prior
to the peak of the EIC and the decay rate constant is approximately equal to
channel lifetimn (Anderson and Stevens. 1973: Kuha e. al., 1974), tl,en a
reduction in channel lifetime leads to a shortening of tha E-PC. For the most
part, drugs which block the ionic channel do not alter the single exponential
nature of EPC decay. There are nntdile exceptions. e.g.. scopolamine (Adler.
et al.. 1978), diisopropylfluorophosphate (Kuba et al., 1973, 1974). QX-222
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FIGURE; 21I. Concentration-,lpepndualt decul.-aso of the peak amplitude aml 'o•talsenszl~ivity of
tile "rrj,•r. produced by bupivacaine. (A) Rolationsltip betwee~n the peak aopiwl, e of I|PC and
menmbrane potenltial under ijontrot ¢.onditiuons @01 and O~ler 3(1- to 60-eu. expse~urPe in hupiva.l
caine. 25[0). 50 (A). or tOO •.M (0-],. Eachl byrutlo represem:ts iho zmean • -24 libres from Iwo

• ~to three musc~les. (B) Relationlstip betwee~n Ihe logarithln of •'jent( id liueabae poco~tial under
control conditions and 'n 'in' prewace of differe.:i coicenitrations oE bu •acain (iyrnibolsas in
A). Each point represents ti, mean ±- S.EM. of 81-24 fibers from two ?q thzes mucles, Inset:
molecuh'at structure of bupivacasne. (From Ikeda et oh.. l98i4.)

(Ruff. 1977; Ncher and Stoinbach, 19781; Nehler. 1983). plhysoigmine (Shaw
* ef al., 1985). With suchi drugs. the untblocking rate approaches or eqn'als Itie

blocking rate and gives rise to a double exponcnttaf decay inz the EPC. the
late phase of which is apparcenl~y duc to the "flickerhzag" ocu.rring with| such
drugs before channel b~lockade is comnple~te. But for most drugs. k_ ~I). 3fnd
tho time constant for chlanncl closure (t1 is simply t t I + iD~k1), aaid a plot
of lit versus [IUl (from EPC measurements) (]Fig. 23) or 1!se•,n chanuci open

• time versus [DI (from single chanlncl rec:ordinlgs) {Fig. 24) at a given noient-
brahe poteiitial is lincar with a slope ,of k.

3.3.3b. Closed Channel Block. We have nlot as yet discussed the abil-
ity of a drug to block tho closed state of the channel (Table 6) and thlereby
prevent the endplate channel from opening and conducting a current. Bind-

* ing of a drug in the chlsed form of lthe channel is manifested asa vetaege- and
timo-dependent reduc:tion in the pJeak EPC amplitude dm consequcsi hys-
tcre~sis without an effect on the deccay time c:onstant ar channel if~e~time.
Such is the case with certain phlmciothiaziiles (Carp et ul.. 19831) and tricyclic
antidepressants (Schofield ci al., 198tlb) whic~h apparctly bind to a site
diffrerent from that to which local anesthetics bind (Fig. 25). Tlrus, agents

* such as nortriptyline and amitriptylinle allow us to separate ch~atne sites for
coe~trol of peak EPG amplitude frotn (house that conltro/ fte time course of the
EPC. Another example of a drug that blocks thte closed fwrn of (he channel is

0 I



126 FrSOU I X. ALBUQUERQUE et at.

y <2

CC

-- -a

U.

.2 -A.

,ao ,-,:0,

'4 z2~

5 0 . 0

- ,-131

401

< •.. _.



MACROMOLECUUR SITES FOR NEUROTOXLNS 127

2.0

A A

1.5
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r c-50 mV (0). -100 V (0), and -140 ------- c

mV (6). The solid lines represent the 0 26 so too

best fits obtained from linear regression
of the data. (From Ikeda et al.. 1084.) [BIJPVACAINE] IsM

meproadifen (Table 6). Like the phenothiazines, it causes a voltage- and
time-dependent decrease in peak EPC amplitude resulting in nonlinearity in
the current-voltage relationship without significantly affecting the time
constant of EPC decay (Fig. 26), channel lifetime, or conductance (Malequo
et al., 2,982; Aracava and Albuqucrque, 1984). Since meproadifen does not
inhibit [3 1HI-ACh binding to the receptor site (Krodel elf aL, 1979,. it cannot
depress the peak EPC amplitude by blocking interacion of ACh with its

0.10
U ,.
*

FIGURE24. Reciprocal oa mean ru
channel open time versus upiva-n ;. 0.10

caine con.entrtiont at various tholding potentials. Itolding poatn, w
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al.. 19604b.1 UPIVACAWNE COcOMOTRATION llp1t
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FIGURE 2'6. Effect of meproadifen on peak IETrC aniplitude and -:.:: (A) The relalic. Ish.,• bc-

tween peak amplitude of the EPC and the membrane potnattial is shown u:nder control condi-
• tions (0) and after a 3C- to 60-m,.1 exposure to mniproadifim. 2.0 IsM (O0. 5.0 p.vL (A6) . nd 10.0

ILM (0). Each poiut represents the mean ± S.E.M. from 12 to 46i surface fibers from at least five
muscles. (B) The relationship between the logarithm of the TejC and the membrane potential
under control conditions and in the presence of meproadifeah. 2.0 toM tO), 5.0 0i4 (A), and 10.0
ILM (0). The inset is the structure of meproadifen. (From Maleque et al.. 1982.)

*frcg. Dendrobotes hishrionicus (Fig. Z7) (Daly, 19112). The frog was found in
the Rio San Juan drainage in western Colombia. in an area overlapping the
distribution of a poison dart frog. Phyllobates aurolaenia, which was the
original source of BTX. The Dandrobates frog. however. contained not BTX
but a differen and novel type of alkaloid; together with Dr. Charles Myers.
extracts were obtained from an abundant population of D. hisfrionicus oc-

0 curring in southwestern Colombia. The isolated alkaloids, which were
named histrionicotoxinis (Daly et al., 1971). subsequently playcd a ,naior role
in understanding the allosteric interferences with the nAChil and the control
of ionic permeability at the motor endplate. The mator alkaloid constituents
from this population of V. histrionicus were I T'X and isodihydro-l tTX (Fig.
28). Their structure is remarkable in that these are the first examples of a
clas., of spiropiperidine alkaloids with acctylenic, allenic, or olefinir
moieties in the side chain. Subsequent isolations revealed a number of other
analogues, all of which reduced to a common perhydro d.rivative, I [,,I IX.
Although not discussed here. another class of neurotoxins has been obtained
from skin secietions of D. histrionicus. This class of toxins comprises a

* group of many alkaloids most significant of which is a tricyclic alkaloid,
goplhyrotoxin (Daly al al.. 1977). This alkaloid is I nloncolipetilive antag-
ovist of thke nAChR atid blocks voltage-s.ensitive potassium conductance in
muscle at 5-40 I.M (Sous.car et a., l.,194a.h).

The characterization of the alkaloids from dendrohatid poaison frogs and
the subsequent isolation, chemistry, and iharacteri.ation as well as synt-
thesis of analogues have been the. subject of a iiumber of reviews to which
ithe reader is iufteced (Daly, 19112, Wilkopi anl Gossinger, 19083; Daly and

Splandeo. i98ti). 'File major thrust of our study will coticern the molecular
pharinacoiogy of no'vl natural products. tih I ITXs. The first report ol tihe

0

S
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FICURr 27. Populations of the poison frog Pnro1ilestr hairanscocus frMM westetn Colombia.
Cloc~k-wise from~ upper right: red-orarigr poptil.tion from (uae. ina. tDkplo. Narifita red spotted
population from rniadle Rio S;%n Ittan. !I~pt, (1Coro: rcdf ai.-d iaA population from middle Rio
San Juan. [)krpto. Choca. T).ese frogs show reinarkable inter-mimqlalional v'ariation in habits.
color, pattern, and skin alkaiosds lMyci and Daly. 11176). Frop an approximately 75%4 of life
size (tVrom color photographs cotir1sy of D~r. C. W. Nty't.* Ame-rican Museumn of Natural
Ilistory. New York.)

biological activity of this "toXin- revealed that IM, had low toxicity, an
inauspicious beginn ing. especially since anotherclass. of alk-aloids (e.g., BTX
and its congeners) isolated from, dendrobatid frogs -as highly toxic. At doses
as high as 5 mg/kg, subcutaneously in mice. IMT and isodihydro-11TX had
only mninimial effects on gAit and posture (Daly rl al.. 1971; see also Daly et
al., 19781). Albuquerque and collaborators Ix-gar a scries of fundamenta!
studies with these alkaloids which culminated with a clear description of
the physiologica! fuinct.ion of thc ionic rhannel of 'he nAChR. lit addition.
these alkaloids formed the exfperitnental hasis fordiscoverv and understand.
ing of the function of the noncompetitive atllosteric inhibitors of the AChR.

When a skeletal muscle is exposedl in v'itro to IlTX or 11,1MT or their
analoguies. the indirect evokedI twitch is transiently potentiated and then
blocked whleI the direct twitch is potentiated fLapa ef al., 1 975). These
actions now can he assigned to three sites in tile Clel.triCIally excitable mem.
brane of nerve and mnuscle: itim pl~oassium channel. where blockade pre.
synaptically can resuilt in an increas'! in transmitte~r rrel;t.%e or rpostsynap-
tically Mhcro the actimn potential and therefore the aclive state of muscle
contraction is prolonged: tile sodium channel of nerve and irnisclc where
act ion potential amplitude and rate of rise arc reducedi in a manner sintilar to
local anesthetics anti T7X- anid the nAChfR whe~ the: alkaloid himks the ion
ch~annel al the tiAChI( in a time. and frequt"enc--dependent manner.
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FIGURE 28. .S' itic!ura of riaEUral histrioldt~oluxiii. V, ious dernVal;iVes. aild .1 sy~t helif- analogue'.

4.2. Effect of the ilistrionicotoxins oin Sodium and Potassium
Channels

[he local anesthetic potenicy of IITX miid its derivatives is very weak,
especially when compared with '17X. Of the seveni compounds tested (at 70
jpM) for their abilit ' to affect thia sodijuml channeil, I ITX is thie least potent in
depressing the maximal rate of rise of the action potential in skelctal muscle
Wigs. 29 atz., 30). TheC order of potency for tile seven analogues is iso-
totrahydro-l [TX > tel rahiydro.I ITx > perhzydro-I11fX > isodihydro-l [TX >
Ineodihydro-hJ[x > (,taliyd~.ro-rx > IruIx (Fig. 29). The depressant effect
of these alkaloids onl tlie action potential is !reque 'ncy-depenident bothi in
skeletal muscle (Albuquerque at uI., I 973a.b, 197,1b; Spivak et al.. 1982) and
in eel electroplax (flat inEes (]C Blernal et oh.. 1 981:). Thle ablility of IrrX alld to a
grealter extent If It7 ITX to inhlibit tlia hi mdilig Af I-i IjI -HTX-Ii to sod ilnil chluaz-
mitels ini rat braiini shin es siaginifies ei thier a1 commilni siteL of action or solinO

mu-0
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so50 - : ; FIGURE 29. Maximal rates of rise in

Z
4 -"TX musclu action potentials during re-

W pteitive stimulation (1 Ht.) in the

cc Presence of various ti;trionico.
" W toxins (70 IWM). Values are expco-,sed
0 as percentages of control. Muscles
" k-were glycerol --hocked before the ex-

0'' A, L 1 - eriment and treated with the histri.
onicotrxins for 20 min prior to re.

NUMBER OF ACTION POTENTIALS cording. (From Spivuk et al.. 1982.)

allosteric interaction within-the sodium channel (see Daly and Spende.
•+ .i1986).

A series of much simpler synthetic N-benzylazaspiro compounds relat-
ed in structure to the HTXs. had actions that were very similar to those of
HTX (Maleqtte et al., 1984a). These compounds, like HTX, were more effec-
tive in blocking potassium channels than sodium channels.

Both HTX and its analogues prolong the half-decay time of the action
potential concurrent with a reduction in the rate of fall of the spike in both
amphibian and mammalian skeletal muscle (Spivak at al.. 1982: Albuquer-
que et al.. 1973b; Laps at al.. 1975). The effects of HTXs on action potentials
are stimulus-dependent. For example, at a concentration of HTXs (3.5 AM)
which has no effect on the action potential at frequencies of stimulation of

CONtRl 11!1 n HItx N Cm. H. MIX

'I f I-

:j -- ]... I

ISO NH ix NH mix ISON t112 Htx

/. --- ,------

FICURE 30.- Muscle artkin Iuiemlals (itrling repetlive stilmulalke (I I•.l In the presce of
v•rlous hlsfriomictouxlns (70 W&M|. Muscles were Rlycerol.shlcked before the oexpefinwft and
treated wfth the alkaloids for 20 rMn prior to reeornlint, (From Slivak et al.. tm2.)

------
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less than 1 Hz. repetitive stimulation at 1 Hz resulted in a marked and
* progressive increase in thri half-decay tije of the spike (Albuquerque el ul.,

1973c: Spivak et al, 1982) (Fig. 31). At least two possibilities exist to explain
this effect on the falling phase of the action potential: a block of the inwardly
rectifying potassium channel in muscle or a block of sodium conductance
inactivation. In every case, HTX and its analogues (Albuquerque el al.,
1973a; Spivak at ol., 1982) as well as the N-benzylazaspiro analogues
(Maleque et al., 1984a) block the rectifier potassium channel an effect which
would be expected to prolong the release of transmitter presynaptically.
Such effects would account for the potentiating action of HTXs on evoked
twitch in skeletal muscle, an action that precedes neuromuscular block
caused by stimulus-dependent block of the nAChiR. The sustained potentia-
tion of the direct elizited twitch outlasts the onset of neuromuscular block

• and appears due to the effect of HTXs on the potassium channels of skeletal
muscle.

4.3. Effect of the Histrionicotoxins on the Nicotinic AChR

I Iistorically. the HTXs were among the first of many agents shown to
* block the nAChR by interacting at a site that affected the opening and closing

of the ionic channel rather than by competing with ACh or some otlher
cholinergic agonist or antagonist for the recognition sites an the "receptor"
(Albuquerque el al., 1973a.c. 1974b, 1979b, 1980b; Albuquerque and
Oliveira, 1979; Masukawa and Albuquerque, 1978: Aronsam et al.. 1981;
Lapa et al., 1975; Eldefrawi and Eldefrawi, 1977; Eiliott of al., 1979; Spivak

• et al., 1982; Maleque et al.. 1984a).
At the frog NMJ, the HTTXs depress the amplitude of the macroscopic

EPC and shorten the decay time constant (T) (Albuquerque ei ai., 1974b;
Spivak et ai., 1982; Masukawa and Albuquerque, 19781. The depression of
peak amplitude of the EPC is accompanied by time and voltage dependence.
as exemplified by nonlinearity and hysteresis in the curent-voltage rela.

* tionship of the EPC (Fig. 32) (Spivak at l., 1982). Such effects suggest both
involvement of activation and desensitization of the nACIR. The availability
of H,2HTX and some analogues, such as the (±) deupntyl-il,H1-ITX in which
one side chain is absent and N.bonzylazaspiro analogue in which both side
chains and the hydroxyl group are absent. enabled us to study further the
properties of the nACIhR and correlate the different properties of desensitiza-

* tion end open block (Maleque et al.. 1984b). The actions of such analogues
were similar to those of ineproadifen which also produced voltage- and time-
dependent effect on the peak amplitude of the EPC. while having practically
no effect on the decay time constant (see also Fig. 25!.

Current evidence indicates that HTX and agents like meproadifen that
increase the affinity of ACh to its binding site. caused enhanced channel

• activation, followed :ay desensitization or channel inactivation (Burger.
moister et al., 1977; Krodel et al., 1979; Eldofrawi of al., 1980; Aronstam el
al., 1981; Aracava and Albuquerque. 1984; Aracava et al., 1984a) (Figs. 33

w,
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and 34). Indeed. the patch clamp studies on rat myohalls and mature skeletal
muscles of the frog disclosed that meproadifen, at very low concentrations.
caused a transient increase in the frequency of opeluing, similar to that seen
with HTX (Figs. 33 and 34: Tables 7 and 8). The initial increase was followed

by a decrease in channel opening. This effect is probably related to an en-
hanced activation and subsequent desensitization of the nAChR complex. At
higher concentrations of 14TX (2t 2 p.M) openings were not detected, but the
channel conductance and lifetime at any stage wthere channels could be
recorded, disclosed no alteration (Fig. 35). H12HTX initially increased and
then markedly decreased the frequency of channel openings, which pre-
cluded the testing of higher concentrations of this (drug (Fig. 34). It is possi-
ble that if higher concentrations of this alkaloid could be used in patch
clamp experiments, an effect on the channel open state would be detected.
These actions of either meproadifen or H,-HTX differ from an open blocker
such as bupiva&aine (Figs. 22 and 36). Other analogues, such as depentyl.

250

no PiPTT ACh 0.3 paM
+

200\ PM

-- i

0800.
Z

10 2o 30

FI(;UMK 33. C•nnntrWAov.*tpand nUM Afti ."(, M"NWV f.e* Ian ir (qtrcy of chaonmoI Opso.
Ingls. (G:iflMim seals wvwn mftstubidto. will, thi ,itclj aimoihitng AM1, 0.3 I.M moul iteoprtltornt
at diflfernt cmrontUatins.I (Fronm Arawan and Atllnmuawp. tI84.)

f
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H1,HTX and the N-bcnazyla7.aspiro analogue. however, showed effects simn-
ilar to those of bupivacaina (Maicquc et gil., 19f14a.b: Aracav2 el al.. 1984b).
'A Those analogues significantly decreased (toe channel liffitme but did not
affect channel conducata.ce (Figs. 37 and 38; Table 8), as effect that inay
provide an explanationi fur the docrease iii the time cars~tant of the F.PC

TABLE 7
* Effect of Meproadifett on Frequency of AChi-Activated Clumnal Openinigs,-

Frequency 4 dimanaul copetingi~s
Mti-proadiftin (au. I1)I
collcontratioi.

Condition of drug ap.-Iication (,&MJ Cont~rol I mini 15 ruin

* I. li.111ing sUpoluiSIif
A. Call-stlached patch 10 293 -29Z

B3. Inside-out pxIkh 5 197 -19

It. Micrcpipelte: U.3 1pM AC). 0.2 - 246 58
+ nueproadilci. 0.5 -- ant

1.0 It to 1

*t'rom Arecevsa nd Albwuiuintlit (1144).
"bValues rotorto theI Ireluency I miumbitr 4 ft.VCHIe Par nil.) st.InmiamI mwitJ z.~t.c Is ruf40
allter earlhool Jrull .ujwrf..si" lit IA and Mondi. I mnid Ii Mill4 At~il1tV461mU initUIol madq4k l e nItSC . In.
IA end 111 the conw.,rtrelio 4A AU.h Iin 11.4 nictip~pniovl wee 0.3 MU.
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TAPLt 8
Effects of HTX Analogues on Single Channel Open Timea

Mean channel open time

Toxin Fast Slow

concentration component conmponent Ratio

(1,M) (msec) (mseac (slowtaist)

ACh (0.05 ILM - 0.84 26.Z1 0.047

ACh (0.2 j.M) + 2 - 25.40 -

HI1HTX

,.CIh (0.05 pI&M) + 2 0.92 19.52 0.212
benzylazaspiro-HTX 10 0.99 12.80 0.116

25 1.30 7.16 0.608

ACh (O.OS iLJM) + 1 0.97 19,74 0.096
depenty.-H,%HTX 2 1.20 14.85 0.116

S 0.77 9.34 0.227
20 - 3.90 1.000

From Art.csa vo al. (19444).

decay. Thus. depentyl.H,1 liTX and the N.benzyliaaspiro analogue appear
to biock the nAChR in open conformat'on. Because these analogues did not
significantly decrease the opening frequency, the open channel blockade
was observed in patch clamp as well as EPC experiments. The prominent
effects of depentyI-H-,HTX and the N-benzylazaspiro analogue on the open
channel conformation may be related to their chemical structures. Thus,
removal of one side chain from lf11 1IiTX to form dept:ntyl.-11 2 HTX results in

ACh 0.21VM + H,,--1TX 21Mm

"-U - ..... I1ICUR1E 35 Scmpl*$ of ACh-acliveled
single chamwel currents In the prevence
of fl 21ITX. Single chunn.el curve-is mwe
taademd fro~m rat Myahalls wills a poach
mi4TrmwIi :tnule conlaintnin ACh (0.2 KM)

= uniamt IlII'X (2 PMI. Itolding poleftit
o,,,.. - 140 mV. (From Armaaave el oi.. I i4a.)



MACROMOLLCULAK SITES FOR NEUROTOXINS 139

0.0 r-

06

uo e



140 ED."N X. AI.0')QUERQJE et l..

ACh O.O5wM + BENZYLAZASPIRO-HTX

2PjM 25um

- u -r~ ~o" Iowa -- 
I- F=• . ... ... : "2

t OuM SOuM

FICURF 17. Samples of ion channel cuJrrento adlivaleti by ACh in Ilia pres"ce of the N-han-

zylaxaspiro aqnalogne tit 1TX. Single d;iannel ciirwarn re'ordingsi were olid~ined with a patch

mnicroliipetle containing¢ A~h (OASf IAMI phisl ite 1wenryla;,aspir analogtue *12. 10. 25. or .50 ILM.

lioldingl potential - 140 inV. (Frrnm Awmavo ef al.. 1"f4&.)

disappeairance of Ilia effect on the closed c:onformalion and makes this ana-

logue a potent open channel ljl(x:ker., It could h~e argund that the derreased

size of the compoin l| brigit aiow l y Ilia removal of onte or more side

chaii'ns cotild contribitte to open cHimmel efhects, lhowever, it has been ob.-

served that removal of both sidhe c:ha;,. froin Itie 111'X moleciule (",azaspiro-

tiTX") restilts in a very weak bloc:ker lthat causes no shortening of TtM•

(Spivalk et al., 1982). Iolerestitgty. tile Addition of anl N-|•.,zyl group to tile
".1core of IITX" mnoh.e'.le reqvills in i potent c:ompoimd that causes marked

open channel blocknade. Tile presen(e (if tit" two sidt,; chains oft ltem |flITX

Molecille must p)lay an iniltrtaill rtile in the effec.t •(f this COMJX)In(J on tile.

clonsed conformation of thin nAChR.

-r;r rr
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The most rapid effect of the IITXs on the nAChR is their ability to
shiortcn the decay time of thc EPC. an effect that may reflect block of the
partially closed stae of thie cliannel. On thle other hand. some of the v:oltage-
and stimiiius-dcpcndent blockade by this group of alkaloids suggest that
they might block !he open form of the channel (Spivak et al., 1982: Lapa et
ol., 1975; Albuquerque and Cage, 1978). These effects of' the HTXs on the
nAChR are not only reversible on washing, but recede in the quiescent
preparation even in thle continued presence of thle alkaloid. With reinstitu-
tion of stimuflation thle block reappears (Spivak ef (it.. 1982).

ACh potentials elicited by miicroicotophioretic ap~plication of ACh in
denervated solcuis muscle of tile rat and carliamyleholine [CARB)-evokej
chantgec in conductance in recotistituted AChR/vcesiclc preparations were
bloLked at low conccntratirn by II, ,fTX. while spontaneous MEPCs and
nel~rally evoked EPCs iwerct inexplicably unaffected (Albuquerque et al.,
1973c. 1979b. Wit and Raftery, 1981;1 Ilurgermeister et al.. 19377).

Thc stimuliis..dependent p~henomenla that occur at low concentrat Jons of
FITX appear to increase or may even cauise a transformation in the nAChR
commonly referred to as dcsensitizawion (Kato tet al.. 1975; Kato anti
Cliantgeux. 1976: Albuqucrqite et ill., 1973a~c). Similarly. 1iT'Xs increase the
app;arent affinity of niicntinic aponists for thle nAChR (Burgermcister et al.,
1977; Kato ef al., 1975: Kato and Cliangeuix. 1976: Sp~ivak and Albuqu~erque,
1982: Eldpfrawi el al.. 1980). A lthotigh (11-11 I J lTX was reported to have no
effect on the desensitization process in electroplax inembranes (Elliott and
Raftery. 1977. 1979!. dl-oc~tahyrlr)-l 1TX increases the affinity of the nIAChIR
for CARTI and inicreases thle rate (if desensitization of ;gonist-indured sodium
in~flttx in rlonal inuscle cells (Sinte and Tavlor. mu(1). all of which suggest
allosteric mechanisms in which at least two sit-ýs for IITXs (particularly
octalhydro-( ITX) exist in each n\ChlR.

Where then arethese sites to which the I TXs attach in the ionic channel?
The nAChl? is apparently colnipoised of five suoi'nit% in the ratio a. 0: -Y :
with the two agonist recognition sites for ACh on ltte two it chains. At first
there appeared to he onie sittirahile I ITX sift, in each nAChR (se's Aronstam et
(d., I 'oil . f;u t litter reports have diiffere.l widlely on thle imi iaber of hinding
sites for 1 (TX in eacrh ttA(;lR f(;IttiiTrrun(otli andi Raiftvry. 1982:Changeuix el
(if., 1IM94). Apparently filhe efficacy with which 11,.,I(TX interacts with its
hliiding Site% has1 presented Somewhat of a probleml iii determininig the exact
on imiier oif sites. It, /1 ITX competei with ot her nnncrmmpet iive blockers of the
ivAChft (e~g., rchalorlmromatzinel for a high-affiniitv. low-denlsity silc. hit( nol for
a low-affinity, laigla-uh'isity site in the w\CII. I 1, .1 i rmmilces the ''irtev'et5-
iblf.<' 111lalloo.Ii[lily allhelingof all sih~imiiis of lthe niAChR Iwv radioactiver chlor.
promaziine (I feidinanit illo.. t9113t,. l~idioactive II I, ,l trX itself, however, can
,wrve to pinfonaffinity label thip A siih~imii fC)swahldati (laiangeux. 1!181). whife
I ITXI block% !he jahiotoaffinity lalwliii itn(o the ;ame nita by S -azinotriniet iso-
rhuain (W.'ntiolle ef ol.. 1 fill11. Still oatheir ula.11. stigest that tlive ( and (1 suibuniis
arethe finet hiocnal fie or iimiom petit ive liahwtkers (Co MO (it.. 19185). An
ear!y 'ittarly suiggests Ithat I tTXs have no eff~ct on thip it suthunit (Miunn and
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Raftery, 1982), a subunit that may contribute little to functional changes in thle
nAChP.

T!Mc numerous el ect rop hys io logical actions of the IITXs have bceem re-
viewed elsewhere (Albuquerque et al., 1980~a; Spivak et al.. 19821 and are

:numarized in Table 9. Some rcsulti arec shown graphiically in Fig. 32. Two
or more binding sites for thle H-TX alkaloids seem needed to accou i for the
diversity of effects, especially the apparent dissociation of peak amiplitude
and decay time constants (Table 9). One sufficient schemie requ.'rcs that thle
nAC~iR assume two different stable conformations when tile HTX alkaloid is
bound [equation (1)). In one conformation tile channel cani open- though
with altered kin'atics (hence the shortening of the EPC decay): it. the other
the channel is immobilized in the closed conformation. It may be that in the
"immobilized" conformation tile gate, acliwited by thle agonist, is still ':.- to
openx but that another s3gmenwt of the nAiC.iiR protein allosterically moves to
relieve strain caused by the bound IITX alkaloid and( that this movement
occludes the channel. Mov~ement of this secondary gate cou:" have kinetics
and voltage sensitivity different from those of the normal gzie. accounting
for observations 4 and 6 in Table 9. The schemac is as follows:

A ýi
R - A2 1 = A tR

A fl,
RIX_ R A .w : '1AR'r (4)

In this scheme the AChiR is represented by R when it is in its closed
state. R* in its open cliantiel staate, and ft wlien it is blocked by the alkaloid:
A represents the at.zonist and T, HTX. lit tile aibsence of IITX. the channel is
cctivatcd through tile sequence shown in tile top rowf. Whenx ITX is adde~d.
some nAChRs ar" coiiverted to RT, an altered form of nAChR that snay still
;tcti'. ate, ýut with alt.!red Icinutics (seconmd row). To this point. tile mode! car.
describe EPG decay!- obtained with five co-centrations of 1l1,FlTX at mani-
brane potentials ranging from -3U to - 150 inV (Spivak et W., 1982: sec Fig.
32). The third row of time scheme may accounlt foi (lhe closed channel block-
ade (rT) and the use-dependent effect (ARTI A ,fT and AR*T
A~iz-r). Tile use-dcpercJ'mmt effect wouldI arise froin a favored pzi~hway.
A2RT -A 2RIT or pcrhaps via AR"T -. AR*T -A, RT. Tile observed
voltage dcpcnden:-,r im-, residle in tile tranlsitionl R -R in v'arious forins.
Channel closure fromn .ne AZ2 RT state could proceed via AZ1RT via Aft*1T.

The p~ossibi lit y t hat !I IPX binds to spcci fic Sites oil tile twa s subt-axiis in
addition to a site onl one of time other subunits (Oswald el a!.. 1985) raises a
few intere-t imig uestions regardinog thea possible linole:uhdr adaptations of tlie
IITX molecule to its binding site. Ini this rv~arti it wie.- important to verify'
whether or not I tme subhuniais of the c;haivianI are able to distinguish. till? ellaan
tiomneric forums of I LTX. TI'e cimimitiommiems of Il I ,IX (F pig. :wl inmdistimmguisiia.
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TABLE 9
The Electrophysiological Actions of thea Jistrionicotoxins (A).

Depenlyfliistrionlcotoxin (B). Gephyrotoxin (C). and Meproadifen (0) on Endp!ate
Currents (EPCs) and Single Channel Currents

Observation Interpretation

1. Decreases peak EMC amplitude when Blocks ACIIR ionic channel in its reel-ing
EPCs are triggered singly. Equilibrium conformation.
is approached slowly (>1 hr). IA-Ol

2. a. Trains of EPCs further dacrease A~tivatlon of the channel by the agervists
peak amplitude. IA,13.Dl renders more AChRs vulnerable to block-

ado. Behaves like accelerated "desensiti-
zation."

b. Responses to trains of ACh pulwse
applied by inicroitontophoresis fade
much more rapidly if drug is pre-
sent. (A.DI

3. After a step hyperpolarizallon (from a Either binding of the toxin is voltage de-
holding potential of -50 mVI. peak pendent or transitioi of the toxin-
amplitudes diminish with time: the occupied receptor from unblocked to
greater the step, the faiter they dimin- blocked conformation is voltage
ish. Activation of the AChRs by ago. dependent.
nists is not required. JA.I1.DI

4. Time constants for decays of EPCs are Either the toxins occlude the open channel
shortened. IA-Cl or they allesterically increass the rate

constant for channel closure.
S. As toxin concentration increases. time Simple occlusion of the open channel is

constants for EPC decays decrease to a excluded.
limiting value (ca. I msec). JAI

G. Voltage sensitivity for tliae decay time Thie toxins alter thes dipole meanest of the
constants of the EPCs is less in the gate that closes the channel or modifies
presence of the toxins titan uinder con- the electric field sensed by gate.
trol condition. IA-Cl

7. In contrast to thea effect of the toxins A single binding site for the toxins or a
on peak amplitudes, the time con. single conformation of the AMh that
stants of EPC decays alters both peak amplitude and time con-
a. Reach equilibrium faster (10 min < slant for decay is excluded.

equilibrium time < 1 hr). lA.X:
b. Are unaltered by trains of LIX~s.

(A,DI
8. In patch clamp and fluctuation analy- Interpretation 4.

als, they shortened channel lifetime
and did not alter channel conduc-
tance. IA-Cl ,

9. Increase channel opening frequency. ta'tetrprtation 2. A single binding sifte is
followed Ivy decrease and cessation of inest likely.
activity of channel openings, maintain
unaltered channel lifetime. and cause
no change in channel conductance. 101

10. No change In channel opening ire- Interpretation 4.
quency, but situmtoniu of clu.'nel life-
tinme and maintain unalteivid channel
cioniductance. (CI
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H /-

FIGURE ,19. The structures of (-)-H2 rdTX (the natural configuratio.a of TXsj andi its -na-.

tHomer. (+).-HiHTX. The four chiral centers are m•arkod wilh terisks. (From Spivak el al.
1983a.)

bly depressed the peak amplitudes (Fig. 40) arid decay time constants (Fig.
* 41) of junctionally recorded EPCs. Dispernion of data was decreased by using

matched muscles and by pooling data according to duration of treatment by
H 2HYX. Although the dispersion that remained could still obscure a small
difference between the enantioniers, owe cas conclude safely that ster-
eochemical recognition of a noncompetitive antagonist. suci as HljTX, by
the AChR is far less than it is for an agent that binds to the agonist recogni-

* tion site (see below). rhe slope conductance also decreased siowly with time
after adding the alkaloid. But again, no significant diffemnce could be seen
between enantiomers (Fig. 42). The half-time was somewhat greater (-110
min) and the degree of blockade at 120 mrin was less (-45% of control) than
the corresponding half-time and blockade of peak amplitude at -150 mV
(Spivak et al., 1983a). In agreement with the results with d- and 1-H1 ,jTX.

S" 4T 4
3000 - 4

4T 0

S300 0

* .. 100

so -' .. . ]I.. .I _ • _ ..

0 20 40 so0 s0 eO 120 Mm

INCUBATION TIME

FIGURE 40. Peak amplitudes of EPCs at - 150 inV andeu iont• a•lilditio (NJ and its the
presence of (+)- (9) and (-)-HIJ{ITX (O plotltd as functions of ismsi ltime. Each peinht
represents the Igeometric) ntemn of the number of fibars shown: bars n"Wuuus S.lE.M. |Froin
Spivak el al.. 1983a.I

0
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FIGURE 41. Time constants (f) for EPC decays at -60 mV ridder control conditioms (Ol a&d In
the presence of (+1- (0I or (-)-H,2HTX (0) platted as a function of incubation time. The In r
value for each fiber was estimated from linear regression of In •rm nmembrane Potenial. At 10
ILM (+)- or (-).Ht2 HTX. these plots were parallel to control plot. but they were shifted down-
ward. The -Y at -80 mV is a measure of this dow ward shift. Each point rermmnts the (geo-
metric) moan of the number 3f fihers shown; bars represent S.E.M. (From Spivak et al. 1283s.)

there are no differences between onantiomers of pentobarbital in their ability
to block CARB-stimulated ZZNa influx in cultured chick muscle cells (Barker
et al.. 1980). On the other hand. the recognition site of the AChR can show
high stereoselectivity for agonists. Thus, (+)-anatoxin-a is twice as potent as
a racemic mixture (Spivak and Albuquerque. 1982) and the enantiomers of
trans.3-acetoxy-l-mcthyl-thioniacyclohexane differ in potency by >1000:1
(Lambrecht, 1981). Competitive nicotinic antagonists also bind stereoselec-
tively, though less markedly. For instance. (+)-tubocurarine is 30-60 times

more potent than (-)-tubocurarine (King. 1947). Testing a variety of synthet-
ic monoquaternary amines as competitive antagonists, potency ratios of only
about 2: 1 for pairs of enantiomers were reported (Erhardt and Soine, 1975,
1979; Cenenah et al.. 1975: Soine et al.. 1975). Higher potency ratios might
have been found if the compounds tested were pu:r.iy competitive, which is
unlikely (e.g., see Spivak and Albuquerque, 1982).

Several mechanisms have been proposed to account for noncompetitive
blockade of the AChR (e.g., Spivak et al.. 1982; Spivak and Albuquerque.
1982). Almost certainly several different modes and sites of action are in.
volved in the actions of various compounds whose observable endpoint, the
blockade, is the same (see Heidmann et al.. 1983; ChangetIx et al. 1984). The
ECo for (--)-H, 2HTX at the AChR has been estimated by its effect on the time
constant of the decay of EPCs to be about 10 IM (Spivak et al., 1982). while
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FIGURE 42. Slope conductances of EP. peak ausplitudus uttder coninul ammiAions (NJ and in
* the presence of (+)- (0) and (-)-H,2 1HTX (0) plollud as a functiof aicm.oion time l.:achl

point represents the (geometric) mean of the numbmr of fibers showaa; m asprelet S.E.M.
(From Spivak at al., 1983a.)

direct binding assays of the tritiated lI12 HTX provide an appoent affinity
constant in the range of 0.1-1 A.M (Elliott ft al.. 1979, Eldeawi and El-
defrawi, 1977; Aronstani at -'i., 1981; Heidmann at nl.. 1%3t. These con-
stants correspond to a free energy for binding of around 7-9 ixa~mole. In a
molecule such as H1 2HTX, with its two aliphatic side chaim and its two
saturated rings, this energy may easily be accounted for by purely hydro-

* phobic factors (Tanford, 1973) in which binding to the biophm results more
from the exclusion of the molecule from water than from atlaction to the
biophase. Though HI-HTX contains two polar functional S ps (NH and
OH). these lie in close proximity to one another and. in the crystal phase for
HTX.HC, and isodihydro-HTX.HCI at least, are joined by -a intramcolecular
hydrogen bond (Daly et ,ii., 1971). They may be viewed, tbasiom as a single

* polar center on an aliphatic mass. The absence of stereoslievity for the
H,, 2 'iTX enantiomers at the AChR may be due to a functim mirror plane
(through the molecule) defined by the two polar functioni groups and a
third point such as the spiro linkage (Spivak at al., 1983a; sm aiso Changeux
et al., 1964. and Ref. 112 of that review). The two flexils. hydrophobic
chains can dangle on this plane into a hydrophobic regioa odtfle biophase.

• The absence of hydrophobic c',nins makus the resulting compound a much
weaker antagonist (Wilkop and Brossi. 1984; Spivak and Albuquerque.
1982).

0' •
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4.4. Comparative Effects of the Histrionicotoxins in Dendrobatid
and Rana Frogs

Unlike the apparently total resistance of animals exposed environmen-
tally to TfX. STX. and BTX. tissues of the frog D. histrionicus remained
sensitive to HITX. When the responses of nerve and skeletal muscle from
Rana pipiens and D. histrionicus were compared with respect to twitch
potentiation and action potential prolongation, the potency of HTX was
aearly identical. Not so was the effect of neuromuscular block in which
higher concentrations were required in D. histrionicus than in R. pipiens
(Albuquerque ef al.. 1974b). Such results suggest that adaptive mechanisms
have not progressed quite far enough in these neotropical frogs with regard
to these toxins. Perhaps the low toxicity of !he l[TXs limits the need for
adaptive changes with this class of alkaloids or we are in the process of
observing the development of these changes.

5. SUMMARY

The present review deals with the molecular mechanisms and elemen.
tary phenomena miderlying the activation of the voltage, and chemo-sen.
sitivemembrane macromolecuies: sodium, and potassium-ion channels and
nicotinic ACh receptors and their associated ion channel. To achieve an
understanding of their various kinetics and conforinational states, a number
of novel alkaloids, BITX. HTXs, gephyrotoxins, and certain psychotomimetic
drugs such as phencyclidine, and many other pharmacologically active
agents have been used. Biochemical assays and variotis electrophysiological
techniques have been used in a number of biological preparations-e.g..
Torpedo membranes, brain synaptosomes. amphibian and mammalian neu-
romuscular preparations-to describe the action of such agents.

The availability of BTX and scorplon toxins together with acwit.ise and
veratridine as activators and TTX and STX as antagonists of di,, voltage.
sensitive sodium channels, made possible the identification and the physio.
logical and pharmacological characterization of these channels. These stud-
ies provided the basis for understanding the mechanisms underlying elec-
trical excitability and culminated, more recently, in the purification and
reconstitution of sodium channels from rat brain and in the successful clon-
ing of these channels with the elucidation of their primary structure. We
now know that the sodium channel has a molecular mass of 316,000 daltons,
consists of five subunits, and has multiple sites for various ligands.

In contrast to sodium channels, various classes of potassium channels
(inward and outward rectifier potassium channels and Ca 4+-.activated po-
tassium channels) have been described. Unlike the sodium channels, ihere
are no known specific activators for potassium channels. However, a number
of potassium channel blockers such as 4.aminopyridine, IITX, histamine.

i l I l l l iill / a I I ~ l ll l ~ ll l I I I ... .. .. . . . . " " • • . . .. . . . ... .. . .. . . ... . . . .. . . . . . . . . . Il I I N I I I II I III I lm l .. . . . . .
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and norepincphrine have been identified which complement tie varying
types of potassium channels in different neurons. One class of poiassium

* channel blockers with profound :icdical and social implications comprises
PCP and its analogues. The blockade of the potassium-induced 8'Rb * efflux
from brain cells, the resulting prolongation of niuscle and nerve action po-
tentials, and the increase in tiansintter release observed with PCP and some
analogues are all highly suggestive of a role for the potassium channel in the
behavioral effects of these drugs and its potcntial involvement in

0 : schizophrenia.
A number of toxic principles of both plant and animal origin played a

significant role in the development of our knowledge about the nAChR. The
discovery of an irreversible and highly specific ligand of the nACliR (BGT)
made possible: (1) the determination of the precise location of the nAChR on
synaptic folds and their density; (2) the identification, isolation, and charac-

* terization of the macromolecule and its subunits; (3) the identification of the
subunit which contains the binding sites for the toxin and ACh; (4) cloning
and sequence analysis of the subunits; and (5) establishment of the diW-
ferences between normal and diseased muscles. Studies with seniri;id cho-
linergic agonists have given some insights into thie topology of the receptor
and its relationship to the activation of its associated ion channel. The coin-
parative studio;s of these agonists have also allowed the electruphysiological
and biochemical characterization of various states during activation and
desensitization of tie nAChR.

In addition, we describe the important contribution of a number of
alkaloids from dendrobatid frogs, in particular l-ITX and its analogues, as
tools for the studies of the allosteric niechanismns cotntrolling nAChR activa-
tion. By interacting with a site(s) located at the ion chanmels as.sociated with
the nicotinic receptor, I ITXs provided the basis for understaiding the pro-
cesses that underlie the various types of noncompetitive blockade of tlhe
nAChR. The availability of the radioactive pcrhydro d,-rivative of l ITX pro-
vided the first evidence for the existence and further characterization of a

* binding site. aside from the agonist recognition site. which allosterically
modifies the ion flux. Thus. H-iTX is shownl to markedly enhance the rate of
desensitization of the rerptors increasing the affinity of the agonist for its
binding site. and to some extent to block thie open state of the nAChR. The
electrophysiological studios of the bcnzylazaspiro analogue of l-ITX and of
depentyliHIz-TX disclosed only an open channel blockade of tile nAChR.

* The latter observations stressed the importance of some strictural features of
HTX molecules in revealing the desensitizing prperties of the nAChR.

The importance of various neurotoxic principles to the understanding of
receptors and channel activation and inactivation and to their isolation,
characterization, and cloning is immense. There is little doubt that by un-
veiling the molecular basis which underlies the function of structures in-

* volved in cell excitability we witl be in a better position to understand end
treat various diseases related to receptor and channel dysfunction.

0 . . .. I I I I I I l I . . . . . •I I I i l l l I I1 . . . . . . . I I I I I I~ l li l Z ll l •
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A possible involvement of cyclic AMP in the expression of
& desensitization of the nicotinic acetylcholine receptor

A study with forskolin and its analogs
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Forskolin. an activator or adcnyla:c cyclas. and its analogs were stdied on the nicotinic acetylcholine re-
ceptor-ion channel complex (AChR) of rat and frog skeletal muscics At aanonsolar concentrations, forsko-
lint caused desensitization of thle AChR located at the junctional rcgimn of innervated and the extrajunctional
region of chronically denervated rat solcus muscles. The descnsitizav~oa of the AChR occurred without al.
teration of the conducting state (channel lifct'l!e, conductance or burstiang as shown by single channel cur-
rents. Accordingly, forskolin decreased the peak amplitude of the repetitiv evoked endplate currents in frog

* sartorius mauscics. These lindings taken together with the good correlation found between the effects of fors.
kolin and its analogs on the desensitization of the nicotinic AChX and their ability to activate adenylate
cyclase suggested a possible involvement of phosphorylation of ACILR via cyclic AMP on the desensitization

process.

Forskolin Nicotinic receptew cyclic AMP Desenriti.ation Adhn)4l&e cychise Acetylctl/oiee sensitiv'ity

1. INTRODUCTION region against excessive depolarization. A major
question is whether mechanisms other than

The release of acetylcholine (ACh) from the repetitive ACE binding to the AChR complex may
0 presynaptic nerve terminal of nicotinic synapses participate in the desensitization process.

and subsequent binding to recognition sites located An attractive possibility is phosphorylation of
on the subunits of the ACh reccptor-ion channel the AChR complex. Protein phosphorylation by
complex (AChR) results in conformational specific protein kinascs often has an
changes of the AChR which yield channel opening. autoregulatory role. Further, phosphorylation of
The AChR, upon binding of the agonist, can also the AChR complex has been demonstrated in clec-

0 undergo a slow transition to a refractory or desen- troplax membranes 17,9J. This phosphorylation
sitized state [1-51. This condition, bro,.ht about appeared to involve a cyclic AMP (cAMP)-
by very high concentrations of the agonist, may dependent protein kinase 191. To investigate
not be evident under physiological conditions since whether activation of cAMP-dependent protein
the quantity of ACh released during repetitive kinases in situ could affect desensitization of the
nerve firing does not appear likely to be sufficient nicotinic AChE. the diterpene forskolin, a general

S '! to induce desensitization (61. However, descn- activator of hormone-sensitive adenylate cyclases
sitization of the AChR may serve as an [10,11), was investigated. Forskolin has been
autoregulatory function, protecting the junctional shown to activate fully cAMP-dependent control
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of physiological processes in nerve and muscle at day of experiment and measuremoent of junctional
5 #M or less (for references see [(11]). Also, for- and extrajunc#;onal ACh sensitivity to microion-
skolin has no effect on directly evoked contrac- tophoretic application of ACh were performed ac-
tures of soleus muscle [121. In this study forskolin cording to [6,14,151. Briefly, micropipettes filled
was used in low concentrations (up to 5/aM) along with 3 M KCI with a resistance of 15-25 M9 were
with two close structural analogs, one of which, used for recorditg ACh-induced potentials. The
namely 14,15-dihydroforskol;n, is much less po- fo!lowing procedure waq observed for determina-
tent than forskolin in activating adenylate cyclase. tion of junctional ACh sensitivity: only muscle
while the other, 1,9-dideoxyforskolin, is inactive fibers having a membrane potential between -70
([131; see fig.2 for chemical structures). The ac- and -80 mV were used. In a typical trial, the focal
tions of forskolin were investigated on the junc- region of the endplate was located by the criterion
tional region of innervated and extrajunctional of miniature endplate potentials (MEPPs) having a
region of the chronically denervated rat solkus rise time of less than 0.8 ms. Once the focal region
muscles and on single channel currents in neonatal was found, without removing the recording
rat myoballs. We observed that at nanomolar con- microelectrode the tip of the ACh pipette was posi-
centrations. forskolin induced receptor desen- tioned as close as possible to the AChR-rich junc-
sitization but had no effect on the proerties of tional region and brief 0.2 ms charges were applied
ACh-activated single channel currents, thus to the pipette yielding a potential whose rising
leading to the suggestion that this effect could phase was <0.8 ms. In a typical trial of recording,
result from a mechanism involving phosphoryla. the response to I or 2 single ACh-induced pulses
tion of the AChR. was followed by a train of 100-200 pulses

delivered at 8 Hz. At the end of the train, the
response io single pulses was again determined.

2. MATERIALS AND METHODS After 3-4 control steady responses the muscle was

2.1. Preparations and recording techniques perfused with the drugs and the potentials record-
In vitro preparations of innervated and ed every 10 min up to 60 min. The data shown here

chronically denervated soleus muscles from female are from recordings made 30-60 miin after drug
Wistar rats (180-200 g) were used in these studies, perfusion. After this period, the preparation was
Denervation of the muscles 10 days prior to the washed for up to 60 min with the same solution

'°]'a~~~~ A A'A''A&aA'

Fig.i. Effect or forskolin (I ,=M) on the junctional AChI sensitivity of the endplate region of innervated rat soleus
muscle. Potentials generated by microiontophoretic apltication of ACh in a train of 1010 pulses at 8 Hz were recorded ,
rrom the same cell under control conditions (A), 30) rain after perfusion of forskolin (II) and 30 rai after wash (C").
Membrane potential. - 70 inV. Vertical bar, ACh sensitivity (mVlnC). (Inset) The values of AChi sensitivity (mVtnC)
shown in A (Op, B (o) and C (A) are plotted vs time (s). Initial fast phase ot desensitizatiotn lasting approex. 0.6 s (slope,.

- -672 mV~nC"' .s") was followed by a slow phase (slope ,, - 17.2 mV.nC'.s").
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drug was added (0.5-100OuM) was assayed ac-
0 * ~coiding to a modification of the procedure by
S ~ Eliman et aL. 1201- The details of tilc procedure

*0 e- 0 a were as described [211.

0 2.3. Solutams and drugs

21 The physiological solution had thc following
0.6 .2 .1 .2 1ý5 S 0 composition (in mM): 135-NaC1, 5 KCI, 2 CaCl 2,

T-9.. Isec I MgCIZ. IS NaJICO3, 1 Na2Z1lPO4, 11 glucose; the

*Fig.2. Effect of forskolin on the junctional sensitivity to pH was 7.2-7.3. ACh hydrochloride (Sigma) and
microiontophorecic application or ACh at the cndp!ate tetrodotoxin (Calbiochem. TTX) solutions were
region of innervated rat soleus muscle. Each point. freshly prepared from stock solutions stored at
exprcssed in percent of the first response in a train of 200 40C. Forskolin (CaLbiochem), I ,9-dideoxyfor.
responses evoked at 8 Hz, represents the mecan t SE of skolin and 14,15-dihiydroforskolin were dissolved
values recorded from at least 4 responses from 2 in absolute ethanol to I mM and stored at V0C.
musc~es. The recordings were made from the same cell oslianog weekdyprvedb

*under control conditions (e-e). 40-60 miii after Horcstoi Paraceuicgs weetidy provby nided )b
either perfusion of 0.2#uM (0-O0) and 1.0 #M (-0) HocsParcetalLd(mby Ini)
forskolin or wash (A-) (Inset) Chemical structures TTX (0-1-0.3#~M) was added to the bathing
of forskohin (R- R' OH, R' - -CH-Clli); medium to av'oid spontaneous twitching of muscle
).4,l5-dihydroforskolin (R -R' -OH. R' - fibers and cell movement during single channel
CH2CHl); 1,9-didcoxyforskolin (R R' -H. R' - recordings.

CH -CHO).

used for control recordings. Throughout these cx-
periments the rate of perfusion was kept optimum
so as not to disturb the recording conditions. The A]Ci

volumne of the muscle chamber was 20 ml and with
th.! solution supplied to the chamber at a raie of 25 i

drops/mmn a compiete bath solution exchange was
achieved in 9 mini. Thle data presented for thle jun
tional ACh sensitivity wer: obtained from thle
same fiber maintained throughout the control,

drug-perfused, and recovery conditions.I
configuration were performed on both myoballs
cultured from neonatal rat skeletal muscles and
muscle Fibers isolated from interosseal and Wun-
bricalis muscles of adult frogs. The procedures for Oculture and isolation of the muscle fibers and the
details of single channel current recordings were as I

described elsewhere 116-181. The drug was applied .jj

as an admixture with ACh inside the patch pipette.
.ndplate currents (EPCs) were recorded from Fig.3. AQh we iais recorded at various concert-

the frog sartorius nerve-muscle preparation ac- trations of fustotin on the extrajunctional region of
cording to 1191. denervated cat saleus mtusdces. Responses were evoked at

8 Utz stimnlatiio unader control conditions (A) and
2.2. Acelyk'hoiinesterase (AC/rE) assay 30 min after pefusion of 0.1 (1D). 0.5 (C) and I (D) ,uM

AChE from solcus muscles exposed to I #M for- forskolin. Cainzplte recovery from desensitization was
skolin and from muscle homogenates to which thle wen after 60 min wash (E).

411
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3. RESULTS slow steady decay (fig.!, inset). Upon cessation of
the train, the amplitude of the ACh potentials

3.1. Effect of forskolin oneate setis ofcl returptd to values identical to those generated at
junctional region of innervated soleus muscle IH sefg 3.Tedsniiainidcdb

To study the effects of forskolin on the response Iorsko in I r ev ese nsitizatin ind uce s

of the junctional region to microiontophoretically forskolin was reversible upon washing the muscles

applied ACh the follow',,g approach was taken: for 30 to 60 mi (see figs I and 2).

determinations of high values for ACh sensitivity 3.2. Effect of forskolin and its analogs on the
at the junctional region were obtained in the ACh sensitirity of chronically denervated rat
presence of physiological salt solution plus seteus muscles
0.01-0.107# alcohol, since this was the vehicle fordisslvig frsklin Th A~hsenitiityforthe Similar results to that observed on the junctionaldissolving forskolin. T he A C h sensitivity for the re i n o th i n rv ed m sl s w e ob a ed n
innervated junctional region varied from 1500 to rheionrofctheyinnervated muscle inedhothc chronically denervated soleus muscle in the
5000 mV/nC. To avoid desensitization during con- presence of various concentrations (0.1-S uM) of
trol conditions, the trains of 100-200 ACh poten- forskalin (figs 3 and 4). Under control conditions,
tials were evoked at frequencies of 1-8 Hz. Fig.1 no desensitization was observed (fig.3A); however,
shows experimental records of ACh sensitivity at concentrations as low as 0.1 ,0M, forskolin pro-
under control conditions, after 30 min exposure to duced depression of responses in a train which
forskolin (I #M) and during washing depicting the usually reealesi one phase. AiCh potential
recovery phase. After 30 main exposure to forskolin amplitude was fully recovered upon cessation of
(0.2 and I #M) a significant depression of the repetitive stimulation (fig.3). In addition, as seen
amplitude of ,he ACh potentials was observed, with innervated muscles, no desensitization was
While ACh potentials evoked at 1 Hz did not show
any sign of desensitization, at 8 Hz a significant served after.

depre-sion occurred such that at I #M forskolin by solution (fig.3te).

the 100th and 200th potentials the amplitudes of To investigate whether the effects of forskolin

the ~h otetial ha dereaed b asmuc as were correlated with its known stimulatory effectsthe ACh potentials nad decreased by as much as on adenylate cyclase, two close structural analogs
60% of the initial value (fig.2). The depression was

were tested. I ,9-Dideoxyforskolin, which is thac-
often characterized by a fast phase followed by a wewitespect to activatin wf isninacy

tive with respect to activation of adentylate cyclase

* . .Fg5 fetof19ddoyosoi and1415-

A '42 A
4 I

44

12 2S. MO~ ig. Effect of l.9-dideoxyforskolin and 14, 15-di-
,,,fet ,h I~ydroforskolin on the extrajunctional sensitivity to

Fig.4. Effect of forskolin on the extrajttnctional AtCh microiontophoretic application of ACh in the de-
sensitivity of the chron~cally denervated rat soleus nervaled soleus muscle of the rat. ACh potentials were
muscle. ACh potentials (100) evoked at 8 Hz were evoked at 8 Hz under control conditions (o) and after
recorded under control conditions (a), 40-60 mrin alter perfusion with I,.-dideoxyforskolin (0. 0.5 ,aM; t,
perfusion of 0.1 (0). 0.5 (). 1.0 (0). or 5.0 (A) PM 1.OaM) or 14,15-dihydroforskolin (a, 0.4 /aM; A,
forskolin and 45-60 min after wash (A). Each point 1.2 pM), Each point, expressed as percent of the first

represents the mean :t SE of values from at least 4-5 potential in a train of tO0 potentials, repwesents the
fibers in 3 muscles, expressed as percent of the first mean t SE of v-lues obtained after 45-60 mitt drug

potential in a train. perfusion from at least 3 fibers in 2 rmsscles.
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[101, did not produce any effect on the ACh sen- 20°C. The excessive number of fast events con-
sitivity at a concentration up to I aNI (fig.5). tributcd to a departure from the single-exponential
14,15-Dihydroforskolin, which is about 8-fold less distribution. The best fit to a doublc-exponential
potent than forskolin as an adezylatc cyclase ac- function obtained by nonlinear regression provid-
tivator [101, at 0.4 and 1.2#1M induced much less ed r values of 0.7 and 17.8 ins for the fast and slow
desensitization compared to forskolin. As shown phases, respectively. Addition of forskolin to the
in fig.5, 1.2# M dihydroforskolin caused only 25% patch pipette solution did not cause significant
depression of the 100th ACh potential, thus re- change in either channel conductance, duration or
flecting a much weaker activity than the parent distribution of the open times or in the frequency
compound forskolin. The latter depressed the ACh of channel openings. The bursting-type activity
potential by nearly 40% even at the concentration similar to that reported for high agonist conccntra-
of 0.1 #,M (see figs 3 and 4). Similar to forskolin, lion [231 or for open chantne blockers 1251 was not
the effect of 14,15-dihydroforskolin was complete- observed. The effects of high concentrations of
ly reversible upon washing. forskolin (up to 100#M) were also tested on the

isolated frog muscle fibers. As in the rat myoballs,
3.3. Effect of forskolin on the ACh-activated no significant changes in channel lifetime or con-

single channel currents ductance were observed.
Single channel currents were rccord.d front

cultured rat myoballs (6-day-old culture) under 3.4. Effect of forskolin on endplate currents of
cell-attact'ed patch configuration using a frog sarlorius muscles
micropipette filled with either ACh (0.1 #M) alone Preliminary EPC experiments on the
or together with 0.1-1.0/LM forskolin. ACh, as neturomuscular junction of the frog sartorius
has been reported [18,221, activated predominantly muscles showed that only high concentrations
channel openings with conductance of 30 pS at (1-100,uM) of forskolin decreased the EPC peak

ACh 0.1 pM ACbO0.1 iaUFORZEOIN I PM

WANM

Fig.6. Samples of single chaittcl cuirents recordcd from rat myoballs. The rcmvdiags were performed under the cell-
attached patch configuration with a Inicropipette filled with ACh either alotte or in the presence of forskolin.

Temperature, 20"C, holding potential, - ISO nV.
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amplitude, but they had little or no effect on the that neiiher single channel conductance nor
decay time constant. Forskolin (100#M) did not lifetime was affected.
produce a marked departure from linearity if the Forskolin was used at concentrations at which it
current-voltage relationship of the EPCs. In addi- is effective in altering physiological responses
tion, the influence of the frequency of nerve mediated through cAMP in a variety of systems
stimulation on EPC amplitude was analyzed. (11]. Physiological responses are usually fully
Under control conditions, trains of EPCs evoked altered by concentrations of forskolin less than
up to 50 Hz did not show any depression of the 10,&M and in many cases with smooth muscle, car-
peak amplitude. However, in the presence of for- diac preparations, or epithelial cells, the effects of
skolin (40-100#M). trains of EPCs evoked at forskolin on relaxation, contraction or ion
membrane potentials varying from -50 to transport occur with EDso of 200 nM or less. Con-
- 150 mV at 50 Hz disclosed a significant depres- centrations >5-10 pM were avoided since other
sion. The latter reached an apparent steady state 'nonspecific' effects of forskolin, viz. direct in-
by the 40th to 50th EPC (not shown). teractions with AChR through allosteric or non-

competitive mechanisms, may occur at such high

4. DISCUSSION concentrations as described for a variety of drugsI51.
This study demonstrated that forskolin, an ac- The sequence of receptor desensitization by for-

tivator of adenylate cyclase. induces a reversib;e skolin appears to involve an initial fast phase
AChR desensitization at the junctional and extra- followed by a slow almost steady-state second
junctional regions of rat soleus muscles. Such an phase (see fig.l). However, further quantitative
action occurred without changing the kinetics of analysis is now in progress to clarify such an obser-
open ion channels associated with the AChR'such vation. A good correlation between the dec-

A B
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Fig.7. Open time histograms of the channels activated by ACh (0.1 # M) either alone (left) or together with forskelin
(I #M) from rat myoballs. r values for the fast (rt) and slow (r.) phases obtained from the best fit of the distribution
to a double.exponemial function (nonlinear regression) were: left: rr a 0.7 msi. . a 17.8 mis; right: r; 0.5 ms, P, .

17.8 ms. (Inset) tfistograms of the slow phase on an expanded scale.
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irophysiological effect described here and the abili- of cAMP to a lewde which would phosphorylate the
ty of forskolin and sonic of its analogs to act ivatc AChR leading to the appearance: of signs char-
adenylatc cyclasc was observed. I ,9-LDidcoxy for. actcristic of desensitization. Third, since forskolin
skolin, an analog that is inactive on adcriyiate (1-100#1\) did not induce voltage- and time-
cyclase [13], wvas unable to in~duce any sign of depcndent cffec.s or. the EPCs as seen wvith miany
desensitization even at high concentrations. In ad- other noncomnpetitive antagonists of thc AChR
dition, compared to forskolin, 14,15-dihydrofor- such as phecncydidinec, phicnothiazines, mecpro-
skolin, a less potent activator of adenylatc cyclase adifcn and histiionicoboxin 15,6,27-29], the
[13], was less potent in inducing desensitization. possibility of a blockade of ACIiR in the resting
Such structure-activity correlations strongly sug- state seems unlikely. Thec possibility that the desen-
gcsted a possible involvement of cAMP in the sitizaticin observed with forskolin could be duc to
process of desensitization by forskolin. However, continuous and cicessive exposure to ACII because
alternativc mechanisms for induction of dcsen- of a blockade of AChE by forskolin was also con-
sitization by forskolin can be -onsidered. First. a sidered. However. concentrations of 1 -100#.M of
blockade of AChR in thie open state. This possibili- the drug did rot block AChE assayed in
ty appears unlikely since no alterations in eithcr homlogenates of soleus muscle. Under the present
channel lifetime or conductance wcre observed, circumstances, taken together, the evidence sug-
However, a reccnt study [26] on effects of for- gests that the desensitization observed with for-
skolin (10-30 suM) on synaptic transmission in skolin may bc mediated via a mechanism involving
sympathetic ganglia showed a decrease in thc an activation oliadenylate cyclase by forskolin,
nicotit.ic receptor activity, which was postulated as resulting in cAINP formation, activation of
perhaps due to a blockade of thc opcii channel. cAMP"-depcnndot protein kinase and phosphoryla-
Such a hypothesis was not confirmed here. Even at tion of the AChI. Phosphorylation of *,he AChR
concentrations from 40 to 100 j.M forskolin, as could occur ciber- in the resting state or in states
revealed both directly by single channel recording with bound ACb. Such phisophorylation would
and indirectly by the analysis of the decay timec then enhance pahways. leading to possible desen-
constant of the EPC, did not have any effects sitized, noneondmcting states.
typical of open channel blockade [5,251. Both In conclusion it is suggested that forskolin, a
presynaptic facilitation and 'anticholinergic' general activator- of hormone-sensitive adenylatc
pustsynaptic effects were reported in the study cyclase, ciihancts desensitization via a process in
with sympathetic ganglia 126], and from our study which one or mom of thje subunits comprising the
it appears likely that. the latter eff.-ctr are related to AChiR inacroiaxcecule is pl-wsphorylated by a
the facilitatory effects of forskolin in desensitiza. cAMP-dependem protein kinasc.
tion. Second, forskolin might enhance desensitiza-
tion through mechanisms that do not involve ac- AKO LDEET
tivation, bursting and marked decrease in frequen- AKOLDEET
cy of ion channel opening of the AChR as oh- We are most g~rateful to Dr Frederick C. Kauff-
served with noncompetitive blockers such as mana for having iz-ade the determninat ions of AChE
meproadifen [27,281 or high conccntrations of for us. We would like to thank Ms Mabel A. Zelle
agonist [23,241. Bursting and decrease in frequency for computer programmning and assistance in the
were not observed at any concenitrations of for- analysis of the dwa. This study was supported by
skolin tested, 0.1-1 #M in miyoballs and 0.1-100 US Army Rcsearch and Developenirt Command
,uM in isolated frog muscle fibers. Although we Cont.-act DAMD 17-94-C-4219.
have not observed a decrease Mi channel opening
frequency, onc possible explanation is that it has
been missed due to the limitations innerent in the REFERENCES
cell-attached patch technique anid the variation in (11 Karlint, A. (19W0) in: The Cell Surface and
density of AChRs in the myobills. It is also con- Ncuronal F~~uion (Couman, C.W. et al. cd5)
ceivable that a short bath inicubation of the pp. 191-260, Elsevict/North-l-lohland. Amnsterdami,
inyoballs with forskolin prevents (the accuinulatiomi New Yo,%.
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Multiple Actions of Anticholinesterase Agents on Chemosensitive
Synapses: Molecular Basis for Prophy~axis and Treatment of

Organophosphatti Poisoning'

E. X. ALBIUQUERQUE.' S. S. D[E-SIII'ANDE, MA KAWABUCIJI. Y. ARACA VA,
M. IDRiss, D. L. RICKErI, 3 AND A. F. BoyN4E

Deparwotrrt of /,rnc1andeIU h" 1hwnmnwita Threqlw'ifics. L/ri~~4Au~,4S1oy"EIAledicilIC.
1jltinolure. ,tur~lajrd 212101

Multiple Actions of Articholinestcr.ýse Agents on Chicinosensirti.mSynapscs Molecular Basis
for Prophylaxis and Tricatracnt of Orrpnopl'osphatc Poisoning. ALBSM&EQE. LX.. DuSttPANmt~
S. S., KAWABUCIII, M., ARACAVA. Y., Il)RSS. M., RICKErr. D. L_ ANo BOYNIE, A. F. (1985).
Frundam. App!. 71mDcoI. 5. S I82-S203. The present study demionshagea :hat the reversible and
irreversible arni-ChE agents have direct actions on the nicotinic amylcbolire receptor-ionic
channel (AChR) and on the locust glutamnatcrgic neuromuscular jawti-- 1. addiion, te!- Pro-
phylaxis of lethality of arganophosphorus anti-ChE compounds wa Wadied. The lethality of VX
and sarin was diminished when the tats were prctrcated with phyusrigauic and atropine. The
cffectivcncss of this protctuion, however, was markedly increasail when a rtanglon; -locker.
either mecamylamine or chlorisondamine, was added, such that all the animals surv cd after
receiving four times z lethal dose of \'X. ?retreated aninial receawaisg sin -,hawed sir -fiicant
recover of morphological and functional properties of the necuromuscuadar junctitn as compared
to thc damage of sirtictures from animal- without pretreatmnirt. Bloud7Ch4 iahihition wasstaghtly
decreased while t'rain and muscle AChE Icvcls were sig.siticantly reiamuered ifrom 98 arid 70$6 to
56 and 32%. respectively) by the pretreatment. This effect may parfially esplai the praitection
r~vn by physostigmine but not that afforded by addition of a non-aoak.ChE apriL 1'hysiastigmine.

at concentrations > 20Oum. showed both a marked depf, sioni ofthe VcAkaenptitudes of the end-
plate current LEPC) and a shortening or the decay time constants 71, Thes efl*C~ts Were mos;tly
due to a direct drug interaction with the nicolirric AChR 1-locking dic sme chsannel. iw its open
conformation. Singic-channel recordings showed that physostigmine deareiscs conductance and
open tirtacs of the cliannels activated in the presenice of ACII and is additi.io has an Wgnistic
prope~rty on the nicotinic AChiR. VX, ont the other hand, only 0 araw tie open times ofACh-
activated channels without affecting the conductance. No agonist property -madetectd with VX.
On glutainatergic synapses. the ChE inhibitors generuted spontaneotas fifi ftrnd pbLS potentials
(EPPs) and action potentials (A~i). This cifect was blocked in the porscae of low !xtenruA Cat'
concerstrat~on or tetrodotnxin. It seems that the spontaneous EPP au; A? biring resulted from
an increased transmitter release induced by an increase ini Na* inifsn at the presynipatie nerv
terminal. Phywostiginine and some irrcvAertibkc ChLi inhibitors (VX aiad 0F!) also K.icked the
postjunctional glutamnate receptors. Similar to the nicotinic AChiR, tis e~cxs was rw'nty retlaed
to a blockade of thtc open channels. In conclusion, the present gtudisshe a significant pmiteesiuno

* of rats by physo~tiigminc in comb~ination with some ganglionic anatpsusm against tethatity by
organophosphate a-t.They also revealed direct actiun of reversdie 3W irreversble ChtE hi-
hibitors ot . icot inic and gluta matcrgic sy oapses which could acemma larsomne fthc ssbserved

* e~~~feC~ts.OLo. w

'This research is s1pporlwcd by U.S. Army Mct-ical Re- mental Thcrapewic&a !aitvegity of NwIaraud Sclsoil of
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Although in the reccnt past it has been claimed ccptor in the ganglia (Ascher ef a., 1979),
that the cholincsterasc (ChE)' inhibitors are blocks the neuromuscular junction in a non-
among the relatively few drugs for which the competitive manner, interacting with site(s) at
molecular mechanism of action is well cstab- the ionic channel (Varanda el al., 1985).
lished (Koclie, 1975), their targets at the nic- The purpose of the present investigation is
otinic acetylcholine receptor-ionic channel twofold: (1) to enhance our understanding of
complex (AChR) and many other receptors the pharmacology of the anti-ChE agents by
are essentially unknown. For instance, we have identifying their intcractions with the AChR
rcccntly shown that these agents arc capable of the adult mammalian and frog muscles and
of direct interactions with the AChR site(s), their effects on glutamatcrgic neuromuscular
where they act as agonists and increase the transmission of the locust, and (2) to provide
affinity of acetylcholine (ACh) for its binding the molecular basis for the development of
site, thus enhancing receptor activation and novel strategies for defense agairnst exposure
desensitization. Additionally, these agents may to irreversible ChE blocking agents. The see-
interact with sites at the ionic channel of the ond objective is parlicularly important due to
AChR as open channel blockers (Kuba ef at. the use of organophosphorus compounds as
1974: Pascuzzo el at., 1984; Albuquerque et insecticides and as chemical warfare agents.

au., 1984, 1985; Aracava and Albuquerque, Our findings demonstrated that the revers-
1985; Shaw el al.. 1984a,b, 1985). Recently, ibleand irreversibleChEinhibitorsdireetlyaf-
we have observed that the ChE inhibitors also fect both nicotinic and glutamatergic synapses.
affect both pre- and postjunctional regions of In addition, physostigmine by itself or in
other synapses, such as the glutamatcrgic neu- combination -with ganglionic blocking agents
rornuscularjunction of the locust (Albuqucr. can provide adequate protection against le-
que et al.. 1985; ldriss and Albuquerque. thatity of organophosphorus anti-ChE com-
1985). These findings further strengthen the pounds.
concept that ChE is not the only target for
these agents. MCTIIODS AND MATERIALS

In addition, we have observed that prctrcat-
ment with physostigmine, a -eversible anti- PhY.UtdogikaI Sija

ChE agent, provides effective protection
against lethal doses of irreversible organo- The frog Ringer's solution had the following comUpsi-
phosphorus agents (Deshpande e aL.. 1985). tion (mMl NaCI 116. KCI 2. CaCt, I.S. Na211-10 4 1.3,

It appears once again that the blockade of ChE and Nalth1'0, 0.7. Composition of the physiologic.a so-

may not be the only factor involved in the Mution for the single amunde fihers was (mu: NaCI ItS.
protection mechanism. This argument is KCI 2.5. Ca201 I.$. and 4-(2-hydroxyethyl)-I-piperaw.i.

p nmgnceslainic acid (ttepes) 3. Ts solutions were sat-
strengthened by the fact that ganglionic block- urated with 1007. 0,. and the p4I was adjusted to 7.0-
ing agents. such as the secondary amine mec- 7.2. 1ihy Tgical solution for Iocusl muscle cxporimcnLs
amylamine, enhances the protection afforded ha the following composition (mm) NaC1 170, KCI 10.
by physostigrninc against rour lethal doses of NaliPO, 4. NazlHPO, 6. and CaCI 2; the pit of this so-

0 VX, an irreversible ChE inhibitor. It has been lution was 6.9.

reported that mecamylamine, although acting
as a competitive blocker of the nicotinic re- /r,*im Siudwx

' Abbreviation used: ACh. acetylcholinw. AChR. ace- Female Wismar rats(2700-220 g. 3 months old) were pre-
tytcholine receplor-ion channel: Chl, cholinesteraw. treated with a mix of physomligmine sulfate (0.1 nIl/kg
ACKh. acetylcholinesteras; DFIP. diisopropyllforophos body wl) and atropione sulfate (0.5 mg/kg) alone or in-
ph..te; TTX, tetrodotoxin; Frim, flexor tibalis muscle: citlingeither mecanmylanline hydrochloride (4 mgtkg)or
EPP. end-plate potential; AP. action potential: EPC. end. chkorisundantine chliride (2 mg/kg). The mixture of pre-
plate currnmt: rptc, decay time constant of EMC. treatment drup was injected inlramuseularly (0.1 mI/tOO
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& body wi) 30 min prior to subcutaneous injection of~urin EhtroIni4aI Tcc'l/ t n s

(isoptopylmcthylphosphofluoridlate, 0.13 mg/kg) ur VX
(diisopropylarninocthyl-mcthylpio~sphonothiolate. 0.05 Thic vottar-damp technique used (or recording EPCs
mg/kg). Lethality was recorded for a 24-hr period post- was esseatiy the same as that deseribed by Takeuchi
challenge and the surviv'ing animals were further observed and Takeudji (1959) and modified by Kuba et al. (1974).
for tup to 10 days. EI'C fluctuation were induced by microiontophoresis of

ACh (pipets fcd with 2 ws ACt) and the method ror re-
cording and anAlysis of Ar--induced noise was similar to

Tissue C hE Dtiermnination that descwi ealier (Anderson and Stevens. 1973, Pas-
cuzzo et al.. 19114). For noise experiments. tetrodotoxin

Bilood was collected from the tail vein of rats anesthetized (TTX. 0.3 paa) was added to the bathing medium to pre-
wit eterandthesolus uslesandbran tssus (c. vent spootamvm twitclxing of the muscles. Patch-clamp

witha eherminsp her soeus) wee rm osves an rdbr ain .ttissue (c c-g (H " iia. 193 1) of ACh-activaied single.
rebrl hmishers) ereremvedaflr dcaptaton. channel cuew weure performed in isolated muscle fibers

Blood ChE and muscle and brain tissue acetylcholines. immobiiized is the recording minichamber utilizing an
ltrase (AChE) were analyzed using the modified Ellman adhesive mjitsie of pasaffin oil and Parafilm (2:1 wt/wi)
(1961) procedure. Protein waudetermined by the method (Allen ci ai-. 1914). The micropipets made in two stages
of Lowry ef al. (195 1) using bovine serum albumin as a ro aitris~aoeiac rdMSses a

standard, tip resistumozf 10-12 MO when filled with Hepes buffer.

An LM-ERC-7 putchclamp system (List Electronics. West

AluelePrearthosfir Eetpyshitisd~ial etweligs Germany) was usd for reewdting single-channel currents
Afeue Prsira~im~k Ee r~pkxine,~ica Rurdur~s at desired' 10; potenitials. Compute analyses provided

histogramusocanemze aumplitude and channel open, closed.
In rim rsetywnX of mn/, t.rle mirm-tin. Isometric and burst times Single-channel conductance was deter-

twitches and teta sic tensions (elicited by nerv stimulation mined from tOr sopnf (he cur....t-Voltage relationship.
at 20 liz for 10 sec nrad at 50O lx for 2.se) were recorded All the anahyseiwere performred on minicomputers (PDP
from the citensor digitorum tongus muscles or rats ancs- 11/40 or 11,04. Digital Eqtiipment Co.).
thetizetJ with chloral hydrate (400) mg/kg. intraperitoneully)
according to a proce~cdre scribedl previously (Tied, ci
al.. 197£). Supramaximal pulses of 0. 1-mscc duration l.3irigm klizcmgvrilmtWE TerlmaqluiT
eontinuously elicited at 0.1 Hz (Grass S U1 stimulator)
were used for net ve stimulation, except during trials of Soleus r from rats receiving sarin (0. 13 mg/kg)
tetanic responses of the muscle. with and wido pretreatment with physostigmnine (0.1

Frong and hecuu nc-rve--nrncse pwreparmiemxr. Sciatic mg/k'g) and Swoonc (0.5 mg/kg) were processed for EM
nnzer-mnroirus muscle preparations of frog (Ratur ,)iM4ml) analysis o ieead-plate regions. The fixative wasi. mixture
and flexor tibialis musict- (Ftrim) of adult locust (I~Iral oflutaraldeirpi (2.51.) and depolymerized paraformal-
sniigratfoaia) were used for the studies of end-plate currents dehyde (3.MisO. I Msaliame aeoidylatc buffer (p11 7.4).
(EPs) The dissection and isolation of locust muscles were End-plate-rich regions were lormted by staining muscles
performed according to the procedure described by I loyle for AChE by dic Karmniswky and Raotsf 1964) method as
(1955). The frog and locust neuroimuscular preparations; modified by Radi avid Eltisman (1974). The details of fix-
were treated with 600 mm and 150 mm glycerol. repc atios. staafiagamd prepasuionrof tissue for EM were ac-
tively, to disrupt excitation-contracion coupling and cording to t%= described by Meshul el Al (1985). The
eliminate muscle twitching associated with the nerve CrOSS Or $~loutsf6al sections w~ere C21iREd Under A Zeiss
stimulation. In addition, for EIIC recording in locust mus- E M 109 1 avic vscurnficp and phatographed.
des. the physiological solution was modified to contain
0.8 mm CaC02 and 10 mm MgCI 2. and recetxor desensi-
tization was minimized by pretreating the preparation with 0`1-
I pm concaoavalin.A for 30 mini (Mathers and Ushemwood.
1976). All the extperiments on locust and frog, muscles Physmiotusirsafateand atropinesulfate were obtained
were carried out at room tempeira~ture (22-24'C). f'rom Sigma (!L Louis. Mo.)i and diisopritpyflfuorophos.

Imolethot qf ,nrit-xc/c /,lrs fiw sitngli-channl (palch- pluate (DFP) Gum Cal-fliochem (San Diego. Calif.). Mee-
dlanp) rmwodung. Single fibers were isolated from the in.- mylamine bhmdo6&d from Merck. Sharp and Dohme
terosseal and lumbricalis muscles of the largest toe of the Research Labs. (Went Poisit. Pa.) and chlorisondamine
hind foot of the frog (R. 14p41"X) by an enzymatic dimio. chloride [nsis CiliaCoci Caqiorutio. (Summit. N.J.)
ciation ts p eure described in detail elsewher (Allen ti were gesseummq Sas*. VX. and Taboo were provided
ul.. 1984). The method utldize A combInitonf Of co1l., by the U.S I Mm11 Medka Resiesb muad Development
Denuis and "owes treatment. Command. 1*Ikvk Omhalisiinill mgW) ofthe organ..
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phosphate agents wcre distrihuted in small vials (W',-250 TABLE I

#Z/vial) and frozen at -70C. N-ccasary dilutions were Tzt' PifihEATMENTOs' ATSWITH PuYsosmI.
made fresh immediately before usc. M!NE AND GANGLKOHK" BLOX•EV,• MECAMYALMINE OR

* CICI.ORISONDAMINE ON PPOTTC'ION AGAINST SUDCU-

RESULTS TANIjOUS NJmfcTiON OF LEaTIIAL DosEs oF VX1

Dose

Effectiveness (f Phs. 1,-sligmine. AMecami'I- rcircartmneit, (og/kg) % Lethality

uinic, and Chdorisundcnminc in 'rotla.tAg
Rats against Luthaliiy cf VX Nouc - 100

• Atropine 0.5
It has been observed that physostigmine, in + MeCamytamine 4.0 100

comparison to pyridostigminc or neostigmine. Atropine 0.5

appears to offer the highest protection against + Mccamylaminc 8.0 100
exposure to irreversible organophosphatc Atropine 0.5

agents (Albuquerque ei al.. 1985). In a recent + Ch0oriso0dasine 2.0 100

* study (Deshpande et aL, 1985), it was showns
that pretreatment of rats with physostigmine Atropine 0.5

(0. 1 mg/kg) together with atropine (0.5 mg/ + Physostigmine 0.1 50

kg) offered complcte protection to animals ex- Atropinc 0.5

posed to a lethal dose of sarin (0.13 mg/kg). + Mecamylamifa 4.0

Pretreatment with pyridostigmine (up to 0.8 + PhysoStigminc 0.1 0

* mg/kg) or neostigmine (0.2 mg/kg) gave only Atropine 0.3

28 and 12% protection, respectively. This + Chlorisondamine 2.0

study also showed that the com bination of + Phy.... aga . . . .0.1 0

physostigmine and atropine (even in increased Minimal LDIOD dose o(VX was 15 jkg. The dose

doses) does not protect rats against four to five used in these cspeliments %as 50 g/kg which represents

multiples of 100% lethal dose of sarin. In the approxinmately 3.5 fineS LDI00 dose.

present protection studies, the pretreatment in All the drug used in the pretreatraerA were dissolved
in 0.91 NaCI. The total (intramuscular) injection volumescheme utilizing physostigmine was tested ws0. /1 :bywi
was 0. 1 nil/l00 g body w'L

against lethal doses of another irreversible or- The lethality was bsed on 24-hr observation in six

ganophosphate agent, VX. Subcutaneous in- rats per group.
jcction ofa dose of 0.015 mg/kg of VX in rats
was 100% lethal. A dose of 0.05 mg/kg (about
3.5 times the lethal dose) of this agent was in breathing or gasping. At 6 hr after VX, the
used. All animals receiving VX alone died rats from the pretreated group showed no fas.
within 10 min. Salivation, fasciculations, ciculations or tremors; however, during walk.
tremor, convulsions, and difficulty in breath- ing slight motor incoordination was evident.
ing (gasping) were obvious symptoms of cho- By 24 hr the rats appeared normal with respect
linergic crisis seen in these animals. Pretreat- to behavior and motor ability. The dose of 0.1
ment of rats with physosligmine (0.1 mg/kg) mg/kg physostigmine used in this study pro-
and atropine (0.5 mg/kg) was effective in rt- duced by itself hardly any symptoms other
ducing VX-induced lethality to 50% (Table I). than mild fasciculations lasting for 10-15 min.
Although the onset and severity of symptoms The most striking observation, however, was
after VX administration were similar to those the fact that inclusion of one of the ganglionic
shown by the group of rats receiving VX alone, blocking drup (mecamylaminc, 4 mg/kg or
the symptoms gradually subsided over the chlorisondamine, 2 mg/kg) in the pretreat-
course of 4 hr. In contrast to the unprotected mcat mix of physostigmine and atropine re-
group, these animals exhibited no irregularity duced the lethality further to 0% after admin-
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istration of the same dose of VX (Table 1). marin, were all protected against lethal effects
The onset and severity of symptoms and the of this orpnophosphate agent but still showed
pattern of recovery in these rats wcre similar significant (7 1%) inhibition of their blood ChE.
to those shown by the animals from physo- The analysis of the muscle and brain AChE
stigmine- and atropine-pretreated groups. In- levels. hosueye, showed only 32 and 56% en-
tramuscular injection of either mccamylamine zyme inhibition. respectively. An immediate
(4 mg/kg) or chlorisondamine (2 mg/kg) to- conclusiom from these results was that a sig-
gether with atropine (0.5 mg/kg), but without nificant portion of AChE in muscle and brain
physostigmine, 30 min prior to injection of tissue was protected by physostigmine from
VX did not prevent the lethal actions of this phosphorybtiom by the irreversible anti-ChE
agent. The only beneficial effect observed was agent sarine. This conclusion does not hold up
the reduction in mucous and salivary secre- while inuzeing results obtained from a
tions. group of•,s receiving pretreatment against a

dose of sarin fivefold greater (0.65 mg/kg)

Trssue ChE Levels in Protected and Unpro- (Table 2). Doubling the dose of physostigmine
tected Rats to 0.2 mg/kg significantly reduced inhibition

of blood AhE from 71% to 50%. More im-
Table 2 shows the level ofcnzyme inhibition portantly muscie and brain ChE activity was

in rats pretreated with physostigmine and reduced akmou to the same degree in rats re-
atropine and subsequently injected with sarin. ceiving hi&&r doses of sarin (0.65 mg/kg) as
Injection of 0.13 or 0.65 mg/kg sarin showed compared to those receiving lower doses (0.13
100% lethality in rats. These doses produced mg/kg). It is interesfing to note that in spite
about 88% inhibition of blood ChE. over 70% of maintnace of the ChE levels, the rats re-
inhibition of AChE in solcus muscle, and al- ceiving five times the iethal dose of sarin did
most complete (98%) inhibition of this enzyme not survime. Further, the improvement in the
in the brain tissue. Rats pretreated with phy- protection apianst the lethal effects of VX, after
sostigmine (0. 1 mg/kg) and atropine (0.5 mg/ inclusion of a ganglionic blocking drug in the
kg). 30 min prior to injection of 0. 13 mg/kg pretreatment medication (Table 1). suggests

TABnE 2

EFFSiCT OF [TEYSO5TI0MINE AND ATRfoNE TREATMFNT AND SuLnsetpIm 1M.NT( OF? SAtIN ON TIlE BLOOD

ChE AND SOLI.JS MUsCI.E AND 1M1m AChE

Pretreatmem Sarin % of
(mu/ktl (mg/kg) Blood ChEh Mude •ACE grain AChE lethality

Control - 0.97 ± 0.07 0.72 ±0O2 65.9 t 4.1 -
None 0.13 0.13 ±0.01 (17)' 0.21 t a0m17•) 1.9 ± 0.5 (97) 100
None 0.65 0.12 t0.01 (53) 0.13 ± a*) (a) 1.1 ± 0.1(92) too
Physstigmine (0. 1)

+ atropine (0.5) 0.13 0.21 ± 0.04 (71) 0.49 ± 0%4 (M2) 21.7 t 2.3 (56) 0
Physomigmine (0.2)

+ atropine (0.5) 0.65 0.49 t 0.02 (50) 0.42 : OM (42) 25.6 ± 1.0 (62) 100

'Pretreatment drugs iere di"olved in 0.9% NaCl and administered mseu larly as a midx in a volume of 0.1
ml/lO0 g body wt. 30 min prior to a suubelaneous injection of'sarin.

" ChE levels were expressed as Nmol/ml/min ror Mood CcIE. nmd/f tw tel A ,F ad neplmg

protein/min ror brain AChE.
"The results epresent means ± SEM or values rrom trur tissue sawll fiksm 6w mu and ana•l•d in

triplicwes. The numbers in parentheses represenm % of enzyme inhihbmilmndsis etemo t v
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an additional mechanism of action rather than f

ChE inhibition aione.

Extensor Muscle Twitch and Tetanic Tension vx
in Rats Fretreated cýqainst a Lethal Dose of* (16 O d 1iJAivx

2 PHY+

* The effect of VX injection on the twitch ATR
and tctanic tension of the extensor muscle of (30

rat (in vivo recording) is shown in Fig. I. The vX
extensor muscle normally was able to main- (x
tain its tension very well during repetitive
nerve stimulation of 20 Hz for 10 sec. When

* the stimulation frequency was increased to 50 (41I
Hz during 2 sec. the muscle developed peak
tetanic tension which was about threefold 4 Rmr ,,-
greater than the single twitch tension (elicited #t M•1I )JI 1i 1H
at 0.1 Hz nerve stimulation). At these fre- FIG. 1. Effect of" VX alone &Water treaunen with
quencies, the muscle was able to sustain the physmaicg ieand atroone on the twitch and mtanic twn.

* tetanus with no evidence of depression of the siomf the xnw digitoru lonsw muade. Titch amw
post-tetanic twitch responses (rat 1, control, tctanic mucle tesions wet recorded in viv from rats
Fig. 1). In the same animal. administration of anheC.ized with dichimo hydrate (400 mg/kS. inimpeni-
VX (0.05 mg/kg) produced a tourfold poten- toneallyD. The netw was coninuoustly stimulatd at 0.1

Hz. ¢c•ice dutinlg 20 HzI (10 sec) amd 50 Hi (2 sem} re-tiation of single twitches. The onset of this po.- pH.ve scacaiianus a0imi(im. (1) a5H(od re.od

tentiation occurred at 5 min. After a I 5-mmin oli from a sanm bed (coaivl) and 15mim afte
• exposure to VX (trace 2. Fig. I l at nerve stim- a skuammeus inction VX (0.05 Omkgk (2) repmsens

ulation frequency of 20 and 50 Hz. the records obtaied from a NcOu iinmai 30 min afr an
maintenance of the muscle tension was abol- inmtmI mculainMlcgioepkyniomise(O.I mlnjkg)and
ished and a depression of the post-tetanic sin- ai mg/k. ato 5 ne wad S mid SANa iVMe•Nt injacon

oI'VX (0.05 mg/lw). Mue twitboom m rerddafter
gle-twitch tension was observed. The animal 6 (3) and 24 hr (4) of expown to VX rf. animals re-
died at 17 min. The responses of the extensor ceivingthesme tialm nmldlmufrat2.

• muscle obtained after treating a rat (No. 2)
with physostigmine (0. 1 mg/kg) and atropine
(0.5 mg/kg) for 30 min are illustrated on the showed significant depreuion (trace 4, Fig. 1).
trace 3 of Fig. I. Although there was a signif- A partial (at 6 hr) and almost complete (at 24
icant potentiation of twitch response (corn- hr) recovery of the twitch and tetanic tensions
pared to control), the muscle failed to maintain was observed in pretreated rats receiving VX

• tension during 10-sec repetitive nerve stimu- (rats 3 and 4, Fig. 1). The results obtained in
lation at 20 HL. Nerve stimuli delivered at this experiment were consistent with those
50Hz for 2 sec produced only slight depression observed previously in rats pretreated with
of the tctanic tension. When this rat received physostigmine and then challenged with a Ie-
VX (0.05 mg/kg), the muscle responses ob- thai dose of sarin (Deshpande ei al., 1985).
tamined after 5 min showed further potentiation Appamntly, twitch potentiation and the failure

* of single twitches and almost complete failure to maintain tetanic tension persist as long as
to maintain tension at 50 Hz stimulation. the reversible (Adler ei al., 1984) or irreversible
Moreover, single twitches elicited after tetanic (Deshpande et al. 1985) ChE inhibitors were
responses, mainly after prolonged stimulation, in circulation. This would imply a direct cffied

00
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of the inhibitors on the neuromuscular junc- UllrastnrdwtIW Alterations of thse End-phu.e
tion. Previous in vilro experiments with pyr- Region-of (he Sodeus Muscle of the Rats Ex-
idostigmine (Adlcr et al.. 1984) and sarin posed to Physostigmine and Sarin
(Deshpande et al.. 1985) have indeed shown
that when ChE inhibitor was removed from In compaio to control conditions (Fig.
the bath by repeated washing (1-4 hr). twitch 2A), 1-hr exposur of rats to Sarin (0.08 mg/
and tetanic tensions returned to control kg. a sublethal dose) induced marked altera-
levels in spite of significant inhibition of tions of the synapic region of soleus muscles
AChE (>80%). examined, (Fig. 2B)t The sazcoplasmic retic-

Fin. 2. Motor end-plate regionl o( soleus muscle from ra uts eiism -l wish or without pblyNOU4gmine
Pretreatnel. Abbreiations: N. MOWo nerve terenat~. S. end-l~f uffepk Km 14. mao I nd yo4ibrils
A. Motor end-plate ini contro soieus muscte. B. Motor emd~kle orxtuk mAl from a rat injected
subcuanneously with a sublethal dose of sarne (0.06 majgft The smos VMS r"IounI I hr Aher injection.
Longitudinally cut section show's intact motor nerwe tenmiahfi' lleei!6 wiad-lto pharm (S) is distended
and is tilled with nwrierous lare vacuoles of mitochandrWi orna (avehmmdm The subjunctional myofibrifs
(M) are completelyr disorganized. losing their original banding pesiwam C. Motor ead-plate of soleus muscle
from a rat treated with physostigmnine (0. 1 mg/kg) 30 mis psrits a SAW injeciss of sari (0.13 mg/kg).
The mu~scle was remov'ed I hr afte sann injection. Note a u Iwu , hucI , its the degree of myovathic
changes. Ilse banding pattern of subiunctional myofibrils (t4).smie tAy vaid prmui. Vattiols of mi-
tochondoal origin (mrrowheads) are not so large as those fpmd a. D. M.Iat ted-plate f tw soleta muscle
from a rat reetvivng 0. 1 mg/kg physomignnne atoat. The .. wa Avmme I tsr afte injection of phy-
sostigrisie. There is a selective etlkxt on Z lines (ausukwdl wiuthausvmy mugwxliugm osr voeboodrial
svvelling. Z lines show irregulantses and dissolution.
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ulum (S) underneath the end-plate region treatment with physostigminc followed by an
showed severe distention and disruption and exposure to sarin disclosed the appearance of
was filled with large vacuoles of mitochondrial nerve sprouting (Fig. 3). These findings sug-

* material. Subjunctional myofibrils (M) dis- gested that after axonal damages, growth oc-
closed marked structural disorganization with curs and this process becomes clearly discern-
a clear disappearancc of the alignmcnt of the iblc 24 hr after sarin injection.
Z bands. In addition, surrounding the end-
plate, large amount of globular-likc figures and
detachment of the entire junctional region Interaction qfPl 'hsostiginine witih the Postsyn-

* from the muscle material itself were apparent. ap6ic Acet.ylcholine Receptor-lon Channel
The presynaptic nerve terminal (N) showed Cownplg. of Frog Sartorius Atuscle
no other alterations except for the presence of
some whorls of myclin-like figures and swollen
mitochondria. When the rats were pretreated Effects of physostigmine on the nerve-eiic-
wtih physostigmine (0.1 mg/kg) far 30 min ited EPCs are shown in Fig. 4. Under control
and subsequently injected with sarin (0. 13 mg/ conditions, the relationship between the
kg, a lethal dose), large differences in the extent membrane potential and the EPC peak am-
and degree of myopathic damage were ob- plitude was linear with occasional slight non-
served as compared to those seen with a sub- linearity observed only at very hypcrpolarized
lcthal dose of sarin alone (compare Figs. 2B potentials (-120 to -180 mV). At low con-
and C). The band pattern in the postjunctional centrations of physostigmine (0.2-2.0 ,uM). re-
region was relatively well preserved with much sultant from ChE inhibition, the peak ampli-
less disruption of the subneural apparatus and tude was increased and the decay time con-
practically no discernible detachment from the stant (rr1p) of the EPCs was prolonged, with
postjunctional membrane. In fact. quantitative no change in the voltage dependence of these
light microscopy study (unpublished obscr- parameters seen under control conditions.

• vations) showed that soleus muscles in this lHowever, at high concentrations (20-200 AM),
group had a 27% reduction in the average EPC decays were accelerated and the voltage
number of lesions and a 53% reduction in av- sensitivity of rr showed a progressive dc-

erage width of the lesion. Recognizable crease. In addition, whereas at low concentra-
changes such as mitochondrial swelling in the tions of physostigmine, EPC decays showed a
sole-plate sarcoplasm (S) and Z-line irregular- single exponential function, exposing the

• ities in the subjunctional m5ofibrils, however, muscle to a 200-pAM drug concentration caused
could still be observed in this pretreated group EPC decays to exhibit a double exponential
of animals. In contrast to that observed with function at positive holding potentials (+20
sarin, an injection of physostigrnine (0.1 mg/ to +60 mV, Figs. 48 and 5A). To more clearly
kg) alone showed much less modification of discern the postsynaptic effects, EPCs were
the contractile apparatus. sarcoplasmic retic- elicited in muscles pretreated with DFP to in-

• ulum and the end-plate region (Fig. 2D). The hibit ChE irreversibly (60-min exposure to I
carbamate appeared to allect primarily the Z mM DFP followed by a 60-min wash to re-
lines without inducing gross vacuolation and move the excess; see Kuba et aL.. 1974). Under
mitochondrial swelling. Muscles examined 24 these cone" 'n•s, a concentration-dependent
hr after a single injection of physostigmine shortening ot the rt:jc was observed (Fig. 5A).
hardly showed any significant change at the Accordint, to a sequential model for open

• neuromuscular junction, and those alterations channel blockade (see Discussion), this alter-
seen earlier were reversed to normal. Exami- ation results from a slow dissociation of the
nations of the nerve terminals and junctiona, blocker and subsequent recovery of the open
region of the solcus muscles 24 hr after pre- conductive state. In addition, this model pre-

Il0I l l l I I I II I I I I I I I I I I I I I I l l I I I I I I I I I I
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~V

FIG. 3. Motor end-plate of solcus muscle from a rat treated wit h ~lsosigmine prior to a lethal dose of
sarin. The animal was treated with physostigminc (0.1 mg/kg) 10 min prior to a lethal injection of sjirin
(0. 13 mg/lig). The muscle was removed 24 hr after sarin injectionl. A. Two axons (A). infolded by finger-
like projectiotis of Schwana cells, are positioned clove to lthe cnd-02te sareoplasm (S) filled with numerous
vacuoles. 03. An unmyclinated axon (A) originates from the niyelisaase nere fiber bundle (B) located a little
away from the motor end plate. This axon (A) proceeds between the two proesises of the pefineural sheath
and is continuous with the motor nerve terminal (N).

diets a linear relationship tetween the recip- inhibited by DIT. these plots showed linear
rocal of r1,.I- ann thc drug concentration. Itn relalionahip (FMg. 511). Thc predicted expo-
precparations where the ChEl was prcvious!y nentizal depe~ndency if the rate constant of thc

A

z

0

-12 -0 0

1,11U1111ANE POTENTIAL (smY)

Fir.. 4. Effect of physostigmine on the end-plate currents. Vohall dirlendkence of the peak amplitude (A)
and decay time constant (11) before (0) and aflte CXpoxUVC to 0.2 (Ot. 2 (A), and 200X) UQM physostigmine.
(a) and (X) represent thie r of the fast and slow components of the EPC decoys. respectively. indliced by
200 Mt4l plsysosignine at positive membrane ptnil.Each reint mrmpentz the mean t SEM obtained
from 9 to 24 surf;ce fibers of two to six musdcls.
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FIG. S. Effect of physostigonirle on fht end-plate cunrnts eliciled in muscles pmlreated with diisopropyl.
fluorophosphatc. ChE was previously inhibiecd by an irreversible ardi-C1E agent. DIP (I mm for 60 min
followed by a 60-min wash to remove the excess of DIP). A. Voltage depenadece afth r~r before (0) and
after exposure of the DFP-trealcd muscles to 10 (ft 20 (&)L 40 (A)k and 80 (0) ou physosmigmine. (a) and

(X) represent. respectively. the•r of the (ast and s&ow pliascs of-ie decays in thc presencc of 80 jnm physo.
* ' stigmine. B. Reciprocal of rrc vs physosigmine conoeetration. Membrfne potential was -120 mV. The

voltage dependence of the forward rate coansnt of blocking reaction (kj is shown in the inset.

blocking reaction (kj) is shown in the inset of channels, similar to control conditions.
• the Fig. 5B. showed a single exponential function at all

physostigmine concentrations. At high con-

Effed's (J'Phy.oSIqtfmine and VX on AC/ih-in- centrai:•ns of physostigmine, a decrease in
duced Single-Channel Currcnts in Frog is(- current amplitude was observed. The conduc-
lated Muscle Fibers tance of the ACh-activated channel currents

altered by physostigmine (200 /aM) was esti-
• Patch-clamp recordings were performed on mated to be 18.6 pS, and increasing concen-

the perijunctional region of the frog skeletal trations (up to 600 um) did not produce further
muscle fibers at temperature of 10C. Square- decrease.
shape currents were activated by ACh (0.3 jim) Physostigmine also showed an agonist cflect
placed inside the pipet which corresponded to when it was applied through the patch pipet
channels ':ring a conductance of 31 pS (Fig. without the presence of ACh. Channel open-

* 6). In addition, a few (<5%) channels of low ings could be observed at U.5 gM physostig-
conductar-e (20 pS) were recorded in 2 of 13 mine (Fig. 7). Current corresponding to the
cells. When physostigmine (0.1 to 600 tM) to- open state of the channels showed similar ir-
gether with ACh (0.3 pM) was applied through regularity and increased noise as observed in
the patch pipet, the current level during the the presence of ACIh and physostigmiin to.
channel open state was irregular and inter- geth•r. This agonist activity could be blocked

* rupted by many short chaniacl closures or gaps by prior exposure of the muscle fibers to •.
(Fig. 6). The open-time :,iograMs of these bungarotoxin (a-BGT, SuIASml) or to Naja a-

S
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FIG. 6. S2mples or ACh-aclivatcd singic-channel currents in the ptsca o" of phyosi•min. Channel
currents were re.orded from an isolated frog muscle it-hcr with a patch pilvi rontainitrg ACh (0.3 uim) alone

or together with 0. 1. 50. or 600 som physostigmine.

toxin (2 Mm ) or by using a micropipet con- and ACh showed bursts of short channel
taining one of these toxins and physostigmine. openings. A typical record obtained when a
The channel conductance determined from patch pipet was filled with VX (1, 10, or 50

the records obtained in these experiments was yM) and ACh (0.3 AM) is shown in Fig. 8. The
29.0 pS. This value is fairly close to that ob- mean open-time uf'these channels was reduced

tained from channel opening induced by ACh from 9.1 (control) to about 3 msec in the pres-
alone inside the pipet. When the physostig- ence of 50 gm VX. The open-time histograms,
mine concentration was increased to 50 uM, similar to control conditions, could be fit to a

channel conductance was reduced to 18.0 pS. single exponential function at all concentra-

Effects oftthe irreversible ChE inhibitor VX tions of VX tested. The analysis of channel
were also studied on the ACh-activated single closed times under control conditions dem-

channel currents and on the microiontopho- onstrated multiple phases, a fast component
retically induced EPI fluclualions. fluctua- with r in the millisecond range (mean of"0.5-

tion analysis performed on the DFP-pretreated 1.0 mscc. corresponding to intraburst gap) and
frog sartorius muscles, showed that 25 and 50 another much slower phase in the second

MM VX decreased channel lifetime (r1) to about range (interb"rM intervals). Application of VX
73 and 56% of'the control values, respectively, induced another phase intermediate between
Patch-clamp recordings obtained from cell- l1sst and slow phases. The - of this component
attached patch using a pipet filled with VX was aoutt 15 to 20 msec VX produced these
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Fia. 7. Samples of physostigminc-ac:ivated singic-•d•and cuhrenhs. Snsleg-chaannc currcnts were rceordcd

rrom frog isolatcd muscle fibe.r using a pipet filled wi:hi 0.5 14M phywsiglminc.

eflicxts without altering channel conductance. activity was blocked when Ca'* concentration
In contrast to physostigmine. the agent VX, in the bathing medium (LCa2Iu) was reduced
up to 50 •M concentrations, produced no ac- front 2.0 mM to 0.8 rmm. Further reduction of
tivation of the ACh receptor ionic channel. [Ca2 ' . to 0.2 mM also blocked the EPPs. Fig-

urc t0 illustrates the effect of c:tcrnai [Ca2'1
on the DFP-induced spontaneous activity.

Effecij ofAnfi.ChiE Agentls on the Locust GOu. Spontaneous activity induced by any of the
tainalergic N'uronu.clar ,IlO~ti above agents could also be blocked by 3- to 5.

nin superfusion of the muscles with physio-
Reversible and irreversible Chl inhibitors logical solution containing TTX (0.3 ,uM). The

produced very striking elicts on locust neu- bursting activity could be reiniliated by wash-
romuscular junction. In Ilexor tibialis muscle ing the preparation with 'ilFX-frec solution
(FTim) preparations, the crural nerve was cut containing only the Chal inhibitor. Thus, these
I mm from the metathoracic ganglion to actions of anti-.ChE agents on glutamatergic
eliminate any cholinergic interference from synapse appear to be mostly due to a phasic
tIe CNS. When locust muscle was exposed to increase in glutamate release from the presyn-
VX 10 ,M for 15 min, repetitive episodes of aptic nerve terminal. Since the existence of
spontaneous end-plate potentials (EPPs) and ACh receptors at the presynaptic region of
muscle action potentials (APs) were observed glutainatergic synapses has been reported
(Fig. 9). The bursting activity was followed by (Fulton and Usherwood, 1977), the hypothesis
silent periods. Other irreversible organophos- of these receptors being involved in the spon-
phate agents, DFP and tabun, and the revers- tancous EPPs was considered. Treatment of
ible earbamate physostigmine produced sim- locust muscle preparation with either a nico.
ilar effects. The spontaneous bursting of AP tinic (a-BGT, 10 sg/ml), or muscarinic (atro-
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FK;*. A. Samnples a( ACh-aciivited ch~aneln currnt'ns in (lie pomnce of VX. Thec rccotdings rMm sinigle
muscle fiber wer obtwained using a Pilet fitlld with A0I and VX.

pine. 40umM) receptor blockers. however. did stigmine wer: reversed by continuous wash.
not block spontaneous EPPs induced by 10 Surprisingly. tabun in concentrations as high
,sm VX (Albuquerque et al.. 1985). as I100umM showed no effctl on EPCs record~ed

The postsynaptic effects ofanti-ChE agents from the end plates of locust muscles.
were also tested by analyzing EPCs elicited by
nerve stimulation. VX (10 pmM) depressed the
peak amplitude of the EPC and induced non- DISCUSSION
linearity in the current-voltage relationship.
It also produced significant shortening of rl-r(- It has been reported that distinct classes of
(Fig. 11-1). Although physostigmine (0.5-1 pharmacologically active drugs interfere with
mM) decreased thc peak amplitude of thc EPG, the frog and mammalian neuromuscular
the drug did not alter r 1~r (Fig. 11-2). Thc transmission as nocompetitive blockers ofthe
postsynaptic effects of VX. DFP. and physo. nicotinic AChR (Spivak anid Albuquerque,
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ag nt hav cople.V effcOM o(Xn ftheW neuro- c L~toxisSpvktaL 1982).b~ourfdeshAl
musculard juntih esuletin P from Mm ultip an shla prowd tht the resailCEiliborpy
t leractioseder withm thc A10 rw.Ecoagnia'ion saestiffmice. als n ors in0 0 $o01inat1o wie gn

or2) wTh e ioesnt chunnels drofitse hti the acivte suoicncthi asnhetagoncistseithe~r eOmy-

A~revril nFP adito. saetronysioloial andiC amines;(u or c alo.ns9n)amned ethibtstinking
bioceniatsurs have oplxvfeacdso thet phyo protects(Sivek poerte ar- 98sOu stheie ltalsdoe
sustularmjnction welasin o fhromutpei-swdththervsbl ChE inhibitorsuh oornphphtcmondad that uc
teastpondsethgier anth theostagn reonitinc ait prosteiciaone os ino s omplyreateon wtoh ian-
actwiathteionian chanensitto of the achivte hgbiioni bythsco mpicanaoundss. eThef diect
(Ascuzz In addtio. cet984; Ak oikc ci an. d 194 ablcinego chompsone mnt ex h'sigbitstrikn-
biohembical stdies 198).Soe revthesed cctshave pprteactivne withpnicties aCII( may plrthallyse

been reported for agents with littl'! or no anti- account for the effectiveness o(physossigmnine
ChEa~ctivity such as the local anesthetic mep- in protecting animals against lethaliy frm the

'roadifen (Malcque vi at.. 1982. Aracava and organophospnate compounds. In addition. the
Albuquerque. 1984) and many drugs acting effects of physostigmine as well as some arre-
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Fia. 10. Elrec of externul Ca'O concentraton on apm a way nemitlo i by 0.5 mm DFP in locust
Frim .Upper panel vitomisto firngs .1EPPs and API alftuiella bysbiteeiei under normal eAternali
(Cal*) (2 muL. LAvwer panel: sponletaeou acivitY Pre ode insthe0pmoloweaeeu talca"T(031MbiL.
Now. the asenPce at APs. 8 memewat cpmude" winu ofame adwevms~ ab. is A.

versibic orpanophosphate anti-ChE agents are 1985). It wascancluded (ton these studies that
mot restticted to nicotinic synapsms The studies the protectiveAn of physoshtigmine was most
performed on the glutamatergic neuromus. likely due to the ability of this carbamnate to
cula~r junction of locust have shown that these penetrate the blood brain banrier causing re-
agents increase release of the neurotransmittor versible inhibkiti of a critical pool of brain
and noncompeitively block the postsynaptic and muscle AChE. The portion of enzyme
receptors. These findings strengthen the notion protected frorn irreversible inhibition by satin
that mech-^nssms other than the ChE inhibi. would eventuaily be decarbamylated to main.
tion should be considered. tamn vital brain function ntecessary for the sur-

It was recently reported that a combination vival of the asimal. This concept, proposed
of phvsostigmnine and atropine was cffective earlier by sewn i nvestigators (Berry and
against lethal dose of satin (Deshpande ei al.. Davies. 1970: FoSberwand Hams 1965: Hit-
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FIG. 1 I. Posisynpatic effects or VX and lh ic•vin on the locust neuiro•uscular junctioni. Voltage
dependence' of the peak amplitude (A) and the decay time Constant (B) of the EPCs b•fore (0) and after (0)
either 10 pum VX (I) or I mM physmouigmine (2).

ris et al., 1978, 1980), does not hold true if muscle, and brain tissue of these rats showed

one looks at the data presented in Table 2. a significantly 'ower level of enzyme inhibi-
When the dose of sarin was increased from tion, 71, 32, and 56% in pretreated rats vs 88,
0.13 mg/kg to 0.65 mg/kg, i.e., fivefold the 82, and 98% in rats receiving sarin alone, re-
lethal dose, in spite of the pretreatment with spcctively. In addition, the revults presented
physostigmine and atropine and the same de- in Table I demonstrated that physostigmine
gree of enzyme inhibition, these rats did not (coadministemd with atropine) combined with
survive. The measurement of ChE in blood, a ganglionic blocking drug mccamylamine or
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chlorisondamine was the most c(Thctive med- to control conditions if the rats were treated
ication for protecting rats against the lethal with physostigmine and atropine before injcc-
doses of VX. tion of VX. These findings are similar to those

Ultrastructural analysis of the end-plate re- observed in rats receiving sarin after pretreat-
gions of animals receiving a pretreatment with rent with physostigmine (Deshpande et at..
physostigmine showed reduction in the lesions 19"5). The fact that the muscles, in spite of
induced by sarin (Meshul el at. 1985; Ka- ChE inhibition, were able to maintain tetanic
wabuchi et at.. 1985). A single injection of tension after the reversible (Adler el at, 1984)
sarin (sublethal dose) caused profound alter- or irreversible (Deshpande et at. 1985) inhib-
ations at the neuromuscular junction in the itor had been washed out from the bath in in
solcus muscle (Fig. 213). Disruption of the sar- viro experiments, supports the notion that the
coplasmic reticulum and vacuolation in suh- mechanism underlying this protection cannot
junctional regions were present as early as I beadequatcly explained based only on enzyme
hr after injection. In the surviving animals, inhibition. Evidence available from recent
the end-plate pathology showed severe alter- voltage-clamp and patch-clamp experiments
ations over the next 24 hr as described earlier with physostigmine (Shaw ti at.. 1985; Albu-
(Meshul ei al.. 1985). The myopathy induced querque ei af.. 1985), edrophonium and neo-
by satin could be due to excessive accumula- stigmine (Aracava and Albuquerque, 1985).
tion of Cal" by sarcoplasmic reticulum and pyviloszigmine (Akaike el at., 1984; Pascuzzo
mitochondria creating an osmotic stress and v al.. 1984). VX (Aracava and Albuquerque,
resultant swelling as proposed previously 1915). soman (Albuquerque et at.. 1984) and
(Meshul et al.. 1985). The dose of physostig- mecamylamine (Varanda et at.. 1985) does
mine used in this investigation produced very indicate that the drugs used for pretreatment
minor, but reversible (within 24 hr) alterations and the organophosphatc agents themselves
of the neuromuscular jtnction (Fig. 2D). It have direct effects on the nicotinic AChR ion-
was hoped that pretreatment of rats with this channel. Althougis at present it is not certain
dose of physostigmine would largely prevent to what extent the interactions of these agents
the profound myopathic changes even when with the peripheral and central nicotinic
the animal was exposed to a lethal injection AChR are responsible for the effects described,
of sarin. Indeed, light microscopic studies this facet of their actions should be taken into
(unpublished observations) and EM results account in advancing hypotheses for protec-
described here disclosed that the physostig- tion by carhamates against lethality by or-
mine pretreatment reduced morphological al- ganophosphate compounds.
terations seen at the endplate region and the Carbamate and organophosphate agents
myopathy observed with a sublethal dose of have multiple effects on the nicotinic AChR
satin alone. interacting with the agonist recognition site as

In addition, the toxic effects of VX and the well as with site(s) located at the associated
protection against them provided by physo- ionic channels. Voltage-clamp recordings of
stigmine were studied by in viw) recording of EPCs and single-channel currents have re-
extensor muscle contractions. In contrast to veled that, in addition to potentiating the ef-
control conditions, records obtained from an- fedts of nerve-relased transmitter, these anti-
imals exposed to lethal doses of VX showed ChE agents directly interfere with the neu-
potentiation of single twitches and a failure to romuscular transmission, activating ionic
maintain muscle tension during repetitive chauneis as nicotinic agonists and/or enhanc-
nerve stimulation at 20 and 50 Hz (rig. I). ing receptor desensitization and blocking open
However, all of these effects were partially (af- ion ctannels. In agreement with these electro.
ter 6 hr) and completely (after 24 hr) reversed phyhikmgical finding% biochemical studies
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(Shcrby et at.. 1985) have shown that physo- nal'" control k'-,. In the presence of physo-
stigmine, pyridostigminc, and ncostigminc stigminc, the lifetime of the open conducting
-bind to ACh recognition site and to sites at state is shortened by the transition to the

* the ionic channel as noncompetitive blockers blocked state, governed by the rate constant
of the AChR. At low concentrations (0.2-2.0 for drug binding k3. The single exponential
/aM), physostigmine produced typical anti-ChE decay function (between -20 and - 150 mV)
cirects, increasing EPC peak amplitude and under the influence of physostigmine sug-
prolonging r•pc (Fig. 4). 1 lowevcr, at higeer gcstcd a very slow dissociation of the drug
concentrations, a decrease in EPC amplitude from the channel with negligible recovery
was accompanied by an acceleration in EPC of the open state of the AChR. Under these
decays. These effects, clearly shown in DFP- conditions, the EPC decays will be acceler-
pretreated muscles, suggested an open channel ated according to this expression: rrec
blockade. Some of physostigminc effbcts could = (k'- 2 + [D] k3Y'. An opposing voltage de-
be fit to a sequential model previously used to pcndence of these two rate constants accounts
explain the actions of QX-222 (Ruff, 1977; for an apparent and progressive loss in the

0 Neher, 1983) and bupivacaine (Ikeda ct al., voltage sensitivity of Ir.,c observed in the
1984; Aracava et al., 1984). A modification of presence ` increasing concentrations of phy-
this model (Adler et al.. 1978) is presented as sostign ;.,e. From this question, a linear rela-
follows tionship between the reciprocal of rmpc and

+ 4, -v R concntration of the blocker is expected whichnA+ R A,,R 4_v .R* 4j AR*D co
A77 k-z(V) b-,x ) " was seen with physostigminc at hyperpolarized

(where: A - agonist molecule; R = AChR; potentials (Fig. 5B). At positive holding po-
n - number, usually considered to be two, tentials, high concentrations of physostigmine
of agonist molecules bound per AChR; induced the appearance of double exponential
A.R - nonconducting agonist-bound comn- decays. According to this model, as the rate
plex; ,!.R* - AChR with the ionic channel in constant for this reaction becomes appreciable

• open state; AR*D - AChR with the ionic at positive voltages, more rapid dissociation
channel blocked by the durg D; this state is of the drug will restore and accumulate the
assumed to have null conductance; V denotes 245ductive species, A.R*, leading to appear-
a voltage-dependent step). Under physiological ancc of a slow decay component in the EPCs.
conditions, rEIc is a measure of mean lifetime As predicted from the vo!tage-dcpendence of

of open ionic channels (Anderson and Stevens, the rate constant k- 3, the magnitude of thq
• 1973) and is dependent upon the rate constant slow component decreased with hyperpolar-

for spontaneous closure of the channel (k- 2) ization. However, this model failed to explain
which is described by' the equation: k_2  all the data since the slow component, instead

Bexp"". Under the conditions where the of decreasing with increasing concentrations,
ChE is irreversibly inhibited, this rate constant only became apparent at high doses of the
would be roughly increased by a factor of two blocker.

* due to a doubling in the constant B with no Single-channel recordings revealed addi-
change of its voitage dependence (Magleby and tional features of physostigmine effects on the
Stevens, 1972; Kuba et aL, 1974). Assuming nicotinic AChR which could in part explain
that the ChE inhibition and the characteristics the difficulty in describing all the results in
and the number of receptors available remain terms of a simple sequential model. Interest-
unchanged, the blocking phase of physostig- ingly, (1) ACh-activated single-channel cur-

* mine's action was considered relative to this rents could be recorded at concentrations of
"new control conditions" with the new rate physostigmine as high as 600 tim (Fig. 6) which
constant, k'..z, being a multiple of the "origi- completely blocked the EPCs (Fig. 4); (2) the

S' , ' '" ? • " ' • • ''L .] " ! !' !!" . . .. . .. .....
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recordings no longer showed the square shape between the open conducting (AR*) and the
typical of ACl-activated channels. The current blocked (A.R*D) state before AChR finally
noise during the open state of the channels undergoes a conformational change toward its
was amplified, irregular and interrupted by resting. agwist-unbound conformation. Ap-
many fast closures (Fig. 6). These altered plication of VX alone through a patch pipet
events were apparent at concentrations of this did not show any agonist activity, in contrast
agent as low as 0. 1 uM; (3) the analysis of these to soman which activated low-conductance
currents showed a decreased mean channel channel openings (Albuquerque el al.. 1984).
open time, but the plot of the reciprocal of One ofthe novel and interesting findings of
channel open time vs the drug concentration this study is that the reversible as well as ir-
was not linear. Complete saturation was ob- reversible anti-ChE agents are able to interfere
served at concentrations higher than 200/uM; with neuromuscular transmission, other than
(4) at this concentration range, single-channel that mediated by the nicotinic AChR complex.
conductance was decreased to 18.0 pS, thus Physostigrnine. DFP and VX induced an in-
revealing a departure from the predictions of crease in transmitter release at the glutama-
the sequential model for open channel block- tergic synapses of the locust skeletal muscle.
ade (Shaw el at.. 1985; Albuquerque a al.. Application of these agents generated, in the
1985); and (5) physostigmine by itself at con- presence of normal [Ca2 +]o (2 mM), sponta-
centrations as low as 0.5 gM, was able to ac- neous EPPs which triggered action potentials.
tivate ion channels, showing definitive agonist Since in these preparations, the central cho.
property at the nicotinic AChR (Fig. 7). The linergic component (metathoracic ganglion)
currents activated by physostigmine alone was removed, the observed effects resulted
showed an altered shape similar to those in- from the peripheral interactions of these
duced by this agent together with ACh. This agents. Fulton and Usherwood (1977) report
agonist activity was blocked by pretreatment of existence of nicotinic and muscarinic re-
of the fiber with a-BGT, Naja a-toxin, and ceptors at the presynaptic nerve terminal of
curare, suggesting a possible interaction of the locust neuromuscular junction suggested
physostigmine with the ACh recognition site. an involvement of'cholinergie receptors in the
Thus. physostigmine, in addition to its re- facilitation of glutamate release. However,
versible anti-ChE activity, interacts with mul- perfusion of muscles with either physostigmine
tiple sites at the nicotinic AChR, which ac- or VX in the presence of a-BGT or atropine
counts for the complexity of its effects. (Albuquerque el at.. 1985; Idriss and Albu-

Similarly, the irreversible anti-ChE agents querque, 1985) railed to abolish the sponta-
also showed direct interactions with the nic- neous fing of EPPs. On the other hand, Cal*
otinic AChR. ACh, in the presence of VX (5- influx wasinvolved directly or indirectly since
5014M), activated long bursts ofchannel open- the spontaneous EPPs could be blocked by a
ings (Fig. 8) in a manner similar to that in- reduction of (Cazie in the bathing medium
duced by open channel blockers such as QX- (Fig. 10). The increase in Ca2l influx most
222 (Neher and Steinbach, 1978; Neher, likely resmued from an increased Na+ per-
1983). VX produced a concentration-depen- meability at the nerve terminal induced by the
dent shortening of the individual open inter- reversible and irevemble ChE inhibitors. This
vals within a burst. The analysis of the short conclusion is strongly supported by the fact
closed intervals within a burst showed, in that TTX was able to abolish the spontaneous
comparison to control conditions, an addi- activity induced by these agents. A similar in-
tional slower component. According to this crease in transmitter release has been observed
model, the rate constant (k-A), being appre- at the mammalian neuromuscular junction
ciable. would allow many transitions to occur with p -anro e (Laskowky and Dottbarn,
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1975) and with VX (Dcshpande ri al.. 1985). AKAIKF. A.. IKEDA. S. R. BROOKES. N.. PASCUZZO.

VX, DFP, and physostigrninc also showed G. J., RICKEM., D. L. AND ALJUQUERQUE, E. X.

possynapic effects at the locust neuromus (1984). The nalure of the interactions of pyridostigmine
with the nicotinic .-tykhotinc receptor-ionic channel

cular junction. Whereas, all three agents de- complex. 11. Patch clamp studic. Mol. Pharnacol. 25,
pressed the EPC peak amplitude, only VX and 102-112.
DFP decreased Irpc. Tabun, on the other ALfUQUERouE E. X., Ar=iME. A.. SHAw, K.-P., AND

hand, did not affect either amplitude or the RICKETT, D. L (1984). The interaction of anticholin-
deca fthe EPCs. The reason for the differ- c ast agents with the acetylcholine rcceptor-ionic

decay of tciannd complex. .undam. Amld. T•xiatd. 4. S27-S33.
ences in the effects of the irreversible and re- AtaUQ-oUEQE. E. X.. Iviass, M.. RLO, K. S., AND AR-
versible ChE inhibitors is not clear at present. ACMAV. Y. (1915). Sensitivity of nicotinic and gluta.
The postsynaptic effects of these drugs arc matcrgic synapses to reversible and irreversible cholin-

most likely due to a noncompetitive blockade este-aw inhibitoms. Neunroax '33. 2nd International

of the glutamate receptors, as a result of in- Symposium on Insect Neuroily and Pesticide Ac-of te gutamte ecetors asa rsultof n- tion. WBath, England.

teractions with the associated ion channels. ALLEN, C. N.. AKAIK, A.. AND ALau•-W.U E• E. X.
In summary, sufficient evidence now exists (1984). The frog interossal muscle fiber.-s a new model

to put forth the suggestion that the pharma- for patch damp studies ofchemosensitive. cnd voltage-

cology of anti-ChE agents is far from being sensitive ion channels Actions of acetytcholine ad ha.
trachotoxin. J. PhysiaJ. (Pris 79, 339-343.

known in precise molecular terms. The agents ANDESON. C. CR.. AND STEVENS, C. F. (1973). Voltage
exert powerful effects at the nicotinic AChR lampanalysisofaccyldoine podueend-platecur-

of the frog and mammalian neuromuscular rent Iluctuations at frog neuromuscular junctions. J.
* junction and at the glutamatergic synapse of P1s.iol- (L-"d-m) 235, 655-691.

locust; the actions of different agents are very ARACAYA. Y.. AN" ALOUQUERQUe. E. X. (1914).
individualized. These actions must be taken MeProadifen enhances activation and dese•sitization

or the aetylcholine re'cptor-ionic channel complea
into account in the attempt to develop drug (AChR) Single channel studies. FERS Lea. 174, 267-
regimens which will effectively prevent the Ic- 274.
thai effects of organophosphate agents while ARACAv. Y.. Am ALKU OUE,. E. X. (1915). Direct
remaining medically safe. interactionsof reversible and irreversi eholinesueras

(ChE) inhibitors wthl the acety e ,ionic

dcand complex (AChR): Agonist awtivity and open
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Abstracts

Physostigmine through a direct action on the ionic channel of the
• nicotinic acetyicholine receptor induced shortening of mean channel lifetime,

generated low C. nductance species and in addition exerted a weak agonist
activity. In concrest, pyridostiqmine interacted primarily with acetylcholine
receptor site as a weak agonist, and induced a marked receptor desensitization
when combined with acetylcholine. Pretreatsmnt of rats with physostiisdne and
atropine 30 min prior to injection of a lethal does of saran was effective in

• protecting rats frou lethal effects of sris. This protection may be due to
partial protection of cholinesteraeo from phosphorylation by the organo-
phosphate sarin, butmore importantly, to direct interaction of physostigmine
with the acetylcholine receptor-ionic channel complex and penetration of the
tertiary carbamate into the central nervos system.

• IntrodLatlon.s

Treatment against organophospherus agent toxicity with conventional
atropine and oxime therapy has been largely unsuccessful (1,2). Pretreatment
of animals with reversible cholinesterase (ChZ) inhibitors and atropine has
been shown to offer significant, protection aginst dLisopropylfluorophosphate

* (DFP) and saman poisoning (3,4,5). Apparently the accepted rationale for such
a treatment is to protect a portion of Chl by, carbasylation (a reversible
process) and render the enzyme temporarily inactive. In addition to the
peripheral inhibition of ChE, the central acetylcholine, (ACh) receptors also
may play an imp6rtant role in protectiom from nerve agent poisoning. It is
indeed true that not all the effects of reversible or irreversible
anticholinesterase agents can be explained strictly on the basis of
acetylcholineeterase (AChE) inhibition sad reaultaott acumtlation of ACh in
the synaptic cleft. Voltage clamp studies with DP in the frog neuromscular
junction (6) and recent work on pyftdoogimal• (PYR) (7,8) have clearly
indicated direct effects of these agents em the ACh recepter-iou channel
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complex (AChR). PYR reacts with AChI alone or in combination with ACh tc
produce a low conductance, desensitized AChI, and in addition the drug acts ad
a weak agonist.

During our recent studies in testing the efficacy of various carbamates
as prophylactic agents in sarin-induced lethality in rats, we discovered that
physostigmine (PRY) was superior as a pretreatment drug to PYR or r.eostigmlne
(NEO). The purpose of the present study was to evaluate the effectiveness of
PRY in preventing lethality and alterations of skeletal muscle function
induced by sarin in rats and more importantly to study the actions of PH! at
molecular level in the neuromuscular junction. These efforts are part of our
research endeavor to understand the mechanism of protection afforded by
therapeutic or prophylactic drugs used in nerve agent poisoning.

Methods and Procedures:

Protection studies in rats. Female Wistar rats (200-220 g) were
pretreated with physostigUine sulfate (PHY, 100 u g/kg), neostigmine bromide
(NEO, 100 and 200 mg/kg) or pyridostlgmine bromide (PYR, 200-800 mg/kg) 30 min
before subcutaneous Injection of sarin (130 pzg/kg). Lethality was recorded
during a 24 hr period and the surviving animals were further observed up to 5
days.

In vivo muscle contractility measurements. In vivo isometric twitch and
tetanic (at 20 and 50 Hz nerve stimulation) tensions were recorded from the
extensor digitorum longus (extensor) muscles in rats anesthetized with chloral
hydrate (400 mg/kg i.p.) according to the procedure described earlier (9).
The peroneal nerve was isolated, sectioned and the distal cut end was kept
ready for stimulation with bipolar stimulating electrode. A supramaximal
pulse of 0.1 usec duration was used. PHY (100 ug/kg) with or without atropine
sulfate (ATR 500 u g/kg) was injected subcutaneously 30 min before the
injection of 130 v g/kg sarin. The drug and the nerve agent injections were
made after recording control twitch and tetanic muscle contractions. Blood
and muscle tissue ChE activity was measured using the procedure of Ellman et
al. (10).

Studies with ACh-receptor-lonic channel complex. PRY actions were
studied in frog sartorlus muscle indplates using voltage clamp recordings of
endplate currents (EPC) and fluctuation analysis (noise). Patch clamp studies
were done on the myoball preparation from neonatal rat muscles and intact
single fiber preparations of frog Interosseal muscles. The details of voltage
clamp and patch clamp techniques have been described earlier (7,8).

Results and Discussion:

Effectiveness of PRT as a pretreatment drug against sarin-induced
lethality. Effect of pretreatment of rats with PUY alone or in combination
withsAT protected about 902 of the animals against a lethal dose of sarin

// (130 Og/kg). Pretreatment of the rats with ATR alone reduced secretions but
had no effect on the lethality and PYR induced marginal protection while NEO
was ineffective. Thus, it is evident that of the three carbamates tested, PRY
alone and particularly in eombinatlon with ATR offered the most protection
against sarin-induced lethality. Typical symptom of chollnergic crisis,
tremors and convulsions were at a moderate level and lasted for much shorter
duration (up to I hr) in rats pretrested with PRY and ATR. The surviving rats
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at 24 hr and up to 10 days showed no locomator deficit or weight loss.
Previous literature concerning protection offered by various carbamates

* against nerve agent toxicity is confusing because of conflicting observations
with different animal species used in the experiments. This fact is obvious
in the studies of Berry and Davies (4) with sama where PHY or NEO together
with ATR were effective in guinea pig in raising LD5 O of soman but not in rats
and mice. Similar observations have been made by Cordon et al., (5) in guinea
pigs and by Dirnhuber et al. (11) in monkeys against siiainpoisoning. Our

* finding strongly suggests that PHY alone and preferentially combined with
atropine is most effel-tive for protection against lethal toxicity of the
organophosphate compounds.

Blood Chg levels were measured from all the animals injected with sarin
with and without pretreatment with PHY. Blood ChE levels in rats 30 min after

* injection of PRtY alone or in combination with Al showed about 10% inhibition
of Chg. There was about 90% inhibition of M in blood removed from rats
injected with sarin with or without AT1 pretreatmet. In rats pcetreated with
PRY with or without ATR and subsequently challesagd with a lethal dose of
sarin, the inhibition of blood Chg remained at a level of about 70X (in
contrast to 90% with sarin alone). It should be noted that the animals from

* these same groups showed significant protection from the lethal effects of
sarin.

We attempted to study muscle function threqh costractile mesurements in
rats administered a lethal dose of satin. It wee essential to correlate
muscle function with the degree of AChE inhibition in the extensor and soleus

• muscles. The extensor and soleus muscles which were removed from the rats
just before death ( 15 min) after injection of saris with or wt-hout ATI
showed about 70Z inhibition of AChE. The dame of PRY used here by itseslf
produced little or no inhibition of AChE In either muscle. Rowf'ver, AChE
analyses in the extensor and 3oleus muscles of rats injected with .. Y or PRY
plus ATR and subsequently injected with saris showd only about .-% enzyme

• inhibition in contrast to 70% inhibition of ACM observed in the muscles from
rats receiving sarin only.

In vivo muscle contractions. A 3 to 4 fold potentiation of twitch
response and a significant reduction in the ability of the extensor muscle to
sustain tension with repetitive nerve stiwnlatiom at 20 and 50 Hz were

Sobserved after injection of 130 ug/kg sarins an esthetized rats. The effect
of PH• + ATR pretreatment followed by Injection of varia (130 u g/kg 30 min
after) on the twitch tensions and the ratio of final/initial, tensions at 20 Rz
for the extensor muscle are shown in Fig. 1. Injection of sarin in rats
pretreated with PH! produced vigorous potentiation of twitches and the decline
in the ability of the muscle to sustain teiioo after repetitive nerve

Sstimulation at 20 Rz. In addition, post temic depression of the single
twitches was also observed. Within 60 mmn after injection of the nerve agent
the muscle recovered from twitch potentiatior. ewd was able to maintain tetanic
tension. It should be noted that from 30 mun to 2 hr after injection of satin
in the pretreated rats there was 30-40% Inhibition of AChE in the muscles. It
is also noteworthy that in spite of this enzyme inhibition the muscle shows
recovery of the contractile function. ApparentlyAhE inhibition alone cannot
explain the depression in muscle respoame to repetitive stimulation of
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FIGUR•E 1
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Effect of pretreatnent of rats with PRT and ATR 30 man prior to injection
of sarIn on the contractions of the extensor muscle recorded in vIvo. Twitch
tensions in response to nerve stimulation (0.1 Rz) are shown In A. The ration
of final/initial tension of the aseles at 20 Hz nerve stimulation are shown
In I. After control (c) recording* were obtained, at +I PRY (100 ug/kg) and
ATR (500 v g/kg) were injected subcutaneously. The muscle responses were
obtained at 30 aln and then at + 2 sarin (130 p g/kg) was adminiLtered
subcutaneously. Each value represents the mean * SEN obtained from 3 muscles.

nerve. Indeed, reversible as well as Irreversible CME inhibitors have a
direct affect on the neuromuscular junction (12,13). 1'e depression of the
muscle contraction to sustain tetanus under the influence of sarin could be
due at least In part to an enhanced desensitization of the AChR by a direct
effect of the nerve agent as observed with other carbasates (7,.12). Other in
vitro experiments with muesle twitches uslug sarin and somen application in
thebath have also shown that the depression In tetanic responses occurs only
in the presence of the nerve agent. The muscles recover from this depression
after the nerve agent is removed by repeated washing of the muscle, though a
significant (70-80Z) inhibition of AChE is still present.

The molecular mechanisms responsible for protection of animals from
lethality by PHY are currently under investigation. Apart from protecting a
portion of ChE in the peripheral tissues from phosphorylation by the nerve
agent, the ability of this carbmuate to penetrate the central nervous system
in contrast to PYR or NEO (14), could be a contributing factor in protecting
rats from sarin-induced lethality observed here.

Effect of PRY on the EPC in frog neuromuscular junction.

PRY (0.2-2.0 IM) increased the peak EPC amplitude by 17-26% and prolonged
the decay time constant of an EPC ( TEre ) by 18-68Z at -90 mV. However,
high PRY concentration (20-200 p K) decreased peak amplitude of the EPC by
about 20% and shortened T ZPC by 23-672 at -90 my. The peak EPC current
showed linear relationship beteen -150 to +60OV. A double exponential decay
was observed at potentials between +20 to +60 ma. The shortening of decay
time constant by PRY was a direct effect of the compound on AChM ion channel
cc.mplex because the shortening van also seen in preparations first treated
with DFP to block AChE completely, then washed extensively to remove excess
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* DFP and then subjected to PIIY. The latter was still capable of
shortening t PC while maintaining a linear current-voltage relationship. PHY
appears to nave concentration dependent effects on EPC. At concentrations
less than 20 P M, the increase in amplitude of an EPC could be due to
inhibition of AChE and/or an increase in affinity of ACh for its binding
sites. At higher concentrations on the other hand (> 20 v M) the drug
decreased the peak EPC amplitude and shortened TEPC * This effect could be
mostly related to an open channel blockade together with induction of
desensitization by this compound (15).

Noise analysis of ACh-induced fluctuations of the EPC in the preaence of
PHY showed shortening of channel lifetime with a decrease in channel
conductance. It should be noted that the shortening of T PC by PRY is quite
in contrast to marked prolongation of decay time constants seen with
quaternery carbamate PYR (7).

Patch-clamp studies.

PHY at concentrations of 20-400 v H decreased the conductance of ACh-
activated channels of interosseal muscle fibers in a dose-dependent fashion.
The records in Fig. 2 clearly show that PRY (100 pM) modified the ACh-

FIGURE 2
* A~h (300 a f4
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p

AOh (20M) n M 9W (IMP's

Samples of ACh-activated channels and the effect of PRY. The single
channels shown here are records from cell attached patches in Interosseal
muscles at -80 to -100 mV membrane potential. PRY in concentration ranging
from 20 to 400 P M causes flickering and marked perturbation during open
phase. In addition, a concentration-dependent decrease in channel conductance
together with a shortening in channel lifetime were observed. Bandwidth - 3
KHg.
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activated channel conductance from control value of 32 pS to 22.7 pS. The
decrease in channel conductance was accompanied by shortening of channel life
time (Fig. 2) and induction of rapid transitions (flickers) between open and
closed states. This flickering could be due to an increase in dissociation
constant of PHY with AChR and/or to an alteration in conformation of AChR
complex resulting in fast transitions between non-conducting and open
states. Mean channel lifetime was shortened from 13.8 msec to 6.2 msec at
100 pM PItY and the distribution of these open times fit a single exponential
function. Another unique effect of PHY on the AChR was its ability to act as
a weak agonlsa (i.e. causing channel activation) (Fig. 3). Pretreatment of
muscle fibers with Naja toxin blocked opening of these channels thus
confirming agonist action of PHY.

FIGURg 3

PHY (50 U M)

200 moot

Single channel openings induced by PHY (50 PM) as an agonist. PHY was
present in the patch microelectrode. This record was from the cell-attached
patches recorded from an isolated interosseal muscle fiber at the membrane
potential of -80 mV. The average channel lifetime was 7.39 mecc. Bandwidth
3 lKHz.

CONCLUSIONS

The results of whole animal experiments and the Investigation- at the
molecular level of PiHY interaction with nicotinic AChR clearly indicate that
the carbamate is superior to other quaternary compounds in counteracting
toxicity of the organophospht~rus agent sarin. The mechanism of protection
from lethality in animals by PHY may reside partly in peripheral ChE
protection by the carbamate against phosphorylation by sarin, but more
importantly, some structures in the central nervous system could also be
important in this protection. In addition, a direct action of PHY on the AChR
which results in shortening of channel lifetime and a decrease in channel
conductance, may form the basis of effectiveness of PHY against the
irreversible ChE Inhibitors. A design of a proper prophylactic and
therapeutic strategy against nerve agent poisoning must take i-to account all
of these factors.
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ABSTRACT

We have- shown that noncompetitive blockade and desensitization of the
peripheral acetylcholine receptor-ion channel macromolecule (AChR) are common
denominators of many threat agents that may be significant both to lethality of nerve
agents and to protective effects of a spectrum of antidotes. The AChR effects of
carbamates, oximes, and SAD-128 modulate neuromuscular transmission in a manner
which promotes therapeutic efficacy. It is likely that peripheral AChR effects are
secondary to toxic effects in the CNS, where homologous ion channels of excitatory
transmitter-gated receptors may be similarly affected. Our studies are consistent with
the notion that the AChR and NMDA-sensitive receptors on central neurons share
a great degree of functional homology with AChRs in acutely dissociated muscle

• fibers. Several analogs of (+)-anatoxin ((+)AnTX) have been tested for agonistic
properties at the peripheral AChR. None is as potent as (+)AnTIX, and most also
act as channel blockers. The sensitivity of AChRs to stereoselective carbamates, mec-
amylamine, scopolamine and atropine is being studied using binding, patch- and whole
cell voltage clamp techniques. The agonists (+)AnTX and NMDA are being used to

0 activate transmitter-gated channels in the CNS and study their sensitivity to various
allosteric ligands. By building upon these studies, we are gaining insight into homology
among receptors in the periphery and CNS, the highly conserved nature of their ion
channels, and the role of these receptors as targets of various neurotoxins.

This work was supported by U.S. Army Medical Research & Development Command
Contract DAMD 17-88-C-8119.
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The role of the nicotinic AChR in the action of OPs and of therapeutic agents, including
carbaniates, oximes and SAD-128

The current therapeutic regimen for poisoning by the organophosphorus
compounds (OPs) soman, sarin, VX and tabun is based on correcting the excessive
muscarinic receptor activity and reactivating the phosphorylated acetylcholinesterase
(AChE) enzyme. We have demonstrated that the nicotinic acetylcholine receptor/ion
channel (AChR) of the periphery and most likely of the CNS is another important
direct target for these threat agents. Experimental treatments including antiAChEs
such as physostigmine, neostigmine and edrophonium, and oximes such as HI-6 and
2-PAM and the non-oxime antidote SAD-128, some but not all of which have anti-
AChE effects, also affect the nicotinic AChR through actions at agonist and allosteric
sites. In fact, many lines of evidence converge from electron micrographic and
electrophysiological studies to indicate that the AChE inhibition by threat agents or
carbamates cannot explain all of their effects.

The toxic effects of OPs and therapeutic efficacy of carbamates were not strictly
related to levels of AChE inhibition. Experiments using equieffective AChE-inhibitory
doses (IC50) of carbamates exhibited differential antidota; efficacy against OPs such
as sarin, suggesting thereby the involvement of mechanisms other than through AChE
system. For example, (+)-physostigmine despite its very weak anti-AChE activity
afforded significant protection to animals exposed to lethal doses of sarin [1]. Indeed,
the morphological alterations induced by sarin were prevented by either (+) or (-)-
physostigmine, and the damage due the carbamates alone was minimal [1].

Studies of muscle twitch (single and tetanic) using the two oximes HI-6 and
2-PAM showed little correlation between AChE activity and therapeutic index [2].
HI-6 and 2-PAM could recover 100% of the enzyme activity inhibited by sarin or V"X,
but in soman- and tabun-poisoned muscles, both oximes recovered less than 20% of
the AChE (2]. Although HI-6 and 2-PAM had equivalent ability to recover the AChE
after exposure to soman, HI-6 totally recovered tetanus sustaining ability whereas
2-PAM was ineffective. 2-P/-.M, but not.HI-6, reversed the blockade of tetanic tension
caused by tabun despite providing a lower level of ACIE reactivation.

Electrophysiological studies using voltage clamp and patch clamp recording
techniques showed that reversible AChE inhibitors exhibited direct and multiple
interactions with tie AChR. Typically, a biphasic effect was observed on endplate
currents (EPCs) over the concentration ranges studied. Lower concentrations pro-
duced augmentation of EPC amplitude and prolongation of EPC decay phase, which
are typical results of AChE inhibition, and higher concentrations decreased the ampli-
tude and shortened :he EPC decay time constant [3). Patch clamp recordings of ACh-
activated single channel currents in isolated frog intermseai muscles, a preparation in
which AChE is absent, revealed significant and reversible blockade by antidotes [2,3].
Under conditions of excessive accumulation of ACh during OP intoxication, a rapid
cycling of the receptor through blocked and unblocked states would serve as an

* alternative pathway to protect receptors from decensitization. Using a bispyridinium
compound,. SAD-128, we have be-n able to further reinforce the AChR vs AChE
hypothesis. The striking feature of this compound is that it does not carry an oxime
moiety. Yet, SAD-128 has been reported to be effective in protecting animals against
soman poisonir:g [4]. SAD-128 and the two odimes, 2-PAM and HI-6, produced
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reversible blockade of the AChR ion channel Comparative analysis showed that
SAD-128 produced a more stable blocked state of the AChR than HI-6 and induced
long-lasting bursts. Consequently, a double exponential decay of the EPCs elicited
by nerve stimulation was observed [5].
in In addition, 2-PAM and to a lesser extent HI-6 allosterically induced an increase
in AChR-channel opening probability. The increase in the channel activation in the
presence of oximes could be of significant value in reversing the function of OP-
poisoned endplates towards normalcy especially in the late stages of the OP poisoning
where the desensitized states of the nicotinic AChR may prevail. Desensitization of

* the AChR could be caused not only by ACh accumulation but also by direct effects
of OPs on these receptors [6]. In fact, recent biochemical evidence suggests that
diisopropyifluorophosphate could cause desensitization of the AChR through.binding
to a site at the receptor which is different from the agonist-recognition or high-affinity
noncompetitive sites [7].

Assuming that better protection against OPs can be achieved by using effective
* channel blockers of AChR, one can explain the enhancement of the prophylactic

potency when an open channel blocker such as mecamylamine or chlorisondamine
was added to the (-)-physostigmine regimen [8]. In addition, these ganglion blockers
can pass the blood-brain barrier, ensuring better protection at central nicotinic
synapses. This action, combined with the property of the oximes to increase AChR

* activation, via mechanisms discussed above, may release significant number of AChRs
from the desensitized states.

SThe conservation of the AChR in central and peripherai nervous systems.:
implications for actions of OPs and other toxins.

Because the toxic symptoms of OP poisoning have clear central neurological
components beginning with minor complications but also including loss of motor
control and seizures, the role of transmitter-gated ion channels and in particular the
nicotinic AChR in such functions is being investigated by examining single channel
currents with the patch clamp technique. To isolate the function of the central

* nicotinic AChR, our studies have used the natural toxin (+)AnTX which kills
waterfowl and livestock rapidly, in part by a depolarizing blockade of peripheral
musculature [reviewed in 9]. (+)AnTX is one of the most potent and stereospecific
ligands known for the AChR, with nanomolar concentrations effectively stimulating
single channel currents and contracture of frog muscle. Furthermore, this toxin has

* 100-fold selectivity for CNS nicotinic receptors over muscarinic receptors in rat brain.
In single channel studies on cultured neonatal hippocampal and brain stem neurons,
low micromolar concentrations of (+)AnTX and ACh activated channels with charac-
teristics of immature and denervated receptors in the periphery [2,10).

Being semirigid structures, the synthetic analogs of (+)AnTX are being used to
refine the essential structure of the pharmacophore on the AChR [9]. The (-)
enantiomer is greatly reduced in potency and successive methylation of the amine
moiety, producing N-methyl- and N,N-dimethyl-(+)AnTX, also yielded molecules with
low agonist potency [11]. While the reduction in binding affinity of the methylated
derivatives accounts for a portion of the decrement in agonist activity, it was also
found that the N-methylated compounds were effective ion channel blockers. The
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possible dissection of peripheral versus central tooic effects with the quaternary
derivative was thereby defeated. In studies at micromolar concentrations of
(+)AnTX that elicit a high frequency of channel openings and also produce
desensitization, the AChR ion channel was also subject to a voltage-dependent

* blockade [12]. In the case of analogs produced by reduction of the acetyl moiety, the
"(R)-N-methylanatoxinol exhibited greater ion channel blocking efficacy [9]. Thus, the
general observation of blockade of the AChR by micromolar concentrations of
(+)AnTX analogs becomes a serious consideration in the evaluation of effects on
both peripheral and central receptors.

The central receptors have been subjected to further studies of ion channel
blocking compounds which demonstrated the homology of ion channel function
between peripheral AChRs and central NMDA-gated receptors. Several nicotinic
blockers including histrionicotoxin, phencyclidine, atropine, scopolamine, and SAD-
128 had ion channel blocking effects on NMDA-activated single channel currents.
Furthermore, for some of these drugs, the rate of channel activation was modified by

* presumably allosteric mechanisms. These studies addressing homologous neuronal
sites implicate effects of the threat agents on a larger family of transmitter-gated ion
channels and guide our ongoing investigations.
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Abstract

The complete spectrum of known direct drug effects on the nicotinic
receptor has been observed with ChE. inhibitors. (+)Physostigmine is
actually more potent in its direct actions on the receptor than in

* inhibiting acetylcholinesterase. Many anticholinesterases had weak
agonist effects. They also caused ionic channel blockade, which in the
cases of (+) and (-)physostigmine had distinctly different microscopic
kinetics. The recognition sites for the various effects may have some
commonality by selecting for drugs which mimic ACh. AGh, however, can
assume more than one conformation. The more complex molecules with

* greater rigidity are able to express scereospecific effects and recogni-
tion site selectivity. This could serve as the basis for design and
selection of therapeutic agents which have selective effects at a
microscopic kinetic level. Oximes have been shown to be effective in
antagonizing the effects of irreversible ChE inhibitors both inL ni. and
in vitro. The voltage-dependent reduction of mean open time and total

* open time in a burst by 2-FAM and HI-6 observed in single channel
studies are in agreement with channel blocking effects seen on endplate
current. The AChR-channel blocking action of 2-PAM and HI-6 may remain
as one of the key mechanisms for their neuromuscular antidotal effects
in organophosphate poisoning.

* •This work was supported by U.S. Army Research and Development Command
Contract DAMD 17-84-C-4219.
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The effects of drugs mediating cholinesterase (ChE) inhibition
have long been the subject of intensive study (1). Toxic effects have
often been ascribed to the accumulation of acetylcholine (ACh) which
could result after ChE inhibition. We have, however, focused studies on
the actions of these drugs on the nicotinic acetylcholine receptor
(nAChR), both direct actions and agonist-induced modifications. The
nAChR is composed of 5 subunit proteins which are incorporated into the
membrane in a manner such that an ionic channel is formed (2,3,4). In
addition to recognizing ACh, this macromolecule also has sites for drugs
which affect ionic channel kinetics. Drug binding with each recognition
site initiates or blocks a specific response. While several ChE
inhibitors have been tested for actions on the nAChR. including carbam-
ates and organophosphates (OPs), recent studies on the stereospecific
actions of physostigmine most convincingly illustrated chat the actions
of this carbamate were site specific and were not due to general
lipophilic or hydrophobic effects.

In order to examine the effects of the ChE inhibitors and reacti-
vators (oximes) at multiple levels of transmission ic was necessary to
use a variety of techniques. In vitro exposures of frog muscles to ChE
inhibitors and oximes were used to evaluate functional changes.
Electrophysiological experiments, which focused on the postsynaptic
effects, used standard two-electrode voltage clamp techniques of end-
plate region and patch-voltage clamp of single channel junctional
currents. ACh sensitivity was determined by depolarization in response
to microiontophoresis at the neuromuscular junctions. Electron micro-
scopic studies illustrated the pathological changes which resulted from
in yixo exposure to ChE inhibitors.

to

(+)MATX AG1h (-)AwTX

•-e -T -6 - -4

Loa EAo=Os )m

Fir I.- Interaction of AnTX and ACh with nicotinic receotors from
Toroedo electric organ. The binding of 5 nK a-BGT was inhibited by the
indicated agonist. Binding is expressed as a fraction of binding mea-
sured in the absence of competing ligand.

The recognicton site on the nAChR for acetylcholine was previous-
ly demonstrated to have stereospecific properties using the semirigid
agonist (+)-anatoxin-a (AnTX), the "very fast death factor" found in a
blue green algae. Highly purified (+)AnTX has 110-times the potency of
the (-) isomer in eliciting contracture of frog rectus abdominis muscles
(5). This was primarily due to a 50-fold greater affinity for the ACh
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:vosnition site (fig. 1). The nAChR of isolated toe muscle fibers of
••.. frog were activated at concentrations from 20 nV to 200 nZ( (+)AnTX.
:t. mean lifetime of the nicotinic ionic channel was shorter when it was
,,--i.'atced by (+)AnTX than when it was activated by ACh. The kinetic dif-

O :f.rence between the activities of (+)AnTX channels and ACh (300 nM)
,.h.nnels (fig. 2) was probably due to the greater stability of the

losed receptor when bound to AnTX than when bound to ACh.

ACETYLCHOLJNIE3O

0-4. m 11 1J11

I/

'-I Ilo
MiATOXIN

it-. 2. Single channel currents induced by ACh and (+jAnr. Channels
O activated by ACh (300 nM) were mostly single-opening events. With AnTX

(20 mM) typical channel activity consisted of multiple short opening
events, independent of concentration.

In contrast to the stereoselective properties of the ACh recogni-
tion sites, the ionic channel site has not demonstrated stereoselec-

2
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tivity for open channel blockers. The ionic channel blocker (-)per-
hydrohistrionicotoxin ((-)H 1 2 HTX) and its optical antipode were tested

* in rigorously matched experimental conditions, designed specifically to
elucidate differences in potency or efficacy (6). The effects of
natural (-)Hl 2 HTX were equivalent to the effects of (+)Hl 2 HTX on
endplate currents: over 20 min of exposure at 10 pK of each toxin, the
peak amplitude was reducud to 30% of control while the decay time
constant was reduced to 45% of control.

* "The experimental advantages and the practical benefits of stereo-
selectivity are exemplified in studies an protection against organo-
phosphate (OP) toxicity. Reversible ChE inhibitors have been thought to
protect animals by carbamylating a portion of cholinesterase, thus
preventing its irreversible phosphorylation by OPs. However, in a
comparative study of protection against OP-induced lethality using

* carbamaces and atropine (0.5 mg/kg), (-)physostigmine reduced lethality
to 4% while the maximum protection by pyridostigmine (0.9 mg/kg) and
neostig•ine (0.2 mg/kg) resulted in 72 and 88% lethality, respectively,
the prophylactic doses being limited by the toxicity of the prophylactic
agents. The protection by (-)physostigmine may be related to the greater
ability of (-)physostigmino to enter the central nervous system (7).

. Because the neuromuscular effects of OP were rapidly reversible with
washing,- despite continued ChE inhibition, it was suggested that
(-)physostigmine might also have direct: effects on the nicotinic
receptor (7). Because the natural isomer (-)physostigmine was a more
potent inhibitor of ChE than (+)physostigmine (Table L), the prophyl-
actic efficacies of the stereoisomers were compared. Pretreatment with

* 0.1 mg/kg (-)physostigmine (along with 0.5 mg/kg atropine) protected
rats completely from lethality due to sarin (0.13 mg/kg) at 24 hours.
The same dose of (+)physostigmine yielded only 47% survival, but
increasing the dose to 0.5 mg/kg resulted in 87% survival. The survival
of these animals was not related to ChE inhibition.

* I Effect of the Natural (+) and the Synthetic (-) Optical Isomers
of Physostigmine on the Inhibition of Cholinesterase in Rat Brain and
Soleus Muscle.

IC50 (AM) -- 5oW
TISSUE (-)PHY (-&) J= IC5r(jj-jM

BRAIN 3.6 316 90

SOLEUS MUSCLE 2.0 450 225

The next step was to determine whether the direct actions of (-)
and (+)physostigmine on nAChR were different from each other. Endplate

Scurrents recorded in the presence of up to 2 AM (+)physostigmine were
not different from control, whereas the same concentrations of (-)physo-
stigmine increased the peak amplitude and the decay time constant of the
endplate currents in association with ChE inhibition. Higher concentra-
tions (20 and 60 AsM) of both isomers decreased the amplitude and decay
time constant of the endplate currents (fig. 3). These latter effects

* were the result of a direct action at the nicotinic receptor.
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* Fig. 3 Effect of (+)Dhvsostfimine on tte peak amolitude and decay- tim
constant o2f the EPCs. Control (0), 0.2 (*), 2 (4), 20 (0). and 60 (A)

The effects of the physostigmine isomers on the activity of
single channels of the junctional region of isolated fibers were

* studied. This preparation had the particular advantages that the
endogenous agonist was not present and acecylcholinesterase was greatly
reduced as a result of collagenase-protease treatments used to isolate
the fibers. Briefly, both (+) and (-)physostigmine had direct activat-
ing effects. in the absence of ACh and both blocked the ionic channel at
rates dependent upon the concentration of the drug. There were however

* significant differences in nature of. the channel activities which are
worthy of further comment.

Ionic currents activated by low concentrations of (-)physostig-
mine had characteristics similar to ACh-activated channels (fig. 4A).
These currents were blocked by either pretreatment with or combined
exposure to the competitive antagonists a-BC? toxin and naja naja toxin,

* which bind to the ACh recognition site. When the concentration of
(-)physostigmina was increased the channel activation was broken into
bursts (fig. 4B). A dose-response increase in the frequency of short
gaps resulted from the ionic channel blocking effect. At high concen-
trations, the resulting rapid perturbations caused an apparent decrease
in the channel conductance (8). (+)Physostigmine also was an agonist,

* but the mean channel lifetimes induced by it were shorter than those
induced by ACh (fig. 4C). As the concentration of (+)physostigmine was
increased the channel lifetimes became even shorter, in a dose-response
manner (fig. 4D). Thus both physostigmine isomers acted as agoniscs and
as ionic channel blockers, however, the channel block in the case of
(-)physostigmine was rapidly reversible and that of (+)physostigmine was

* sufficiently slow such that blockade appeared as the termination of a
particular channel opening. The fact that agonist-induced membrane
depolarization similar to that caused by ACh (9,10) was not caused by
(-)physostigmine, (+)physostigmine or pyridostigmine is related to their
simultaneous actions to increase desensitization and closed-channel and
opened-channel blockades such that suaacion seldom occurs.

0
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Electron microscopic examination has revealed perijunctlonal
myopathy associated with anticholinesterase toxicity in rats. Compari-
son of the myopathies produced by the physostigmine stereoisomers alone

* revealed that (+)physostigmine (300 pg/kg) did not produce any obvious
damage in the postjunctional region although (-)physostigmine (100

Mg/kg) induced irregularity of the subjunctional sarcomere band patterns
(disrupted Z lines) without any gross swelling in the jitochondria and

A B

C 0

Fig. 4. Single channel current induced by and blocked by -Dhvsostigmine
(PUY) isomers- A) 0.5 jAM (-)PHY, B) 0.3 pM ACh and 50 pM (-)PHY, C) 10
yM (+)PHY and D) 20 JM (+)PHY.

sarcoplasmic reticulum. In fact, the damage induced by (-)physostigmine
was practically negligible in comparison to that caused by pyrido-
stigmine (11,12). Prophylactic treatment with (-)physostigmine (0.1
mg/kg) reduced lethality due to sarin (0.13 mg/kg) and offered a
dramatic reduction in the average dimension of lesions induced by a

* sublethal dose of sarin (0.08 mg/kg) (disruption of junctional folds,
distended mitochondria, dilated sarcoplasmic reticulum, and disruption
of myofibrils) even though this dose caused virtually no inhibition of
AChE in the muscle. Pretreatment with (+)physostigmine (0.1 to 0.5
mg/kg, s.c.) also reduced the myopathy induced by sarin. These treat-
ments with the physostigmine isomers, particularly (+)physostigmine

* according to in vitro potency (Table 1), would have caused little or no
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ACh(400nM)

• Hi4-6(luM) + ACh(400nM) "" HI-6(50M) + ACh(400nM)

2-PAM(JuM) + ACh(400nM) 2-PAM(50FM) + ACh(400nM)

"0 -Q - on

Fi..5. 5 Samples of ACh-activated channel currents in presence S_ H1,6

inhibition of ChE (7). This showed that a significant contribution of
protection against organophosphace myopathy, in addition to reversible
inhibition of ChE, was probably due to a direct blocking action of
physostigmine on the nAChR.

* The nicotinic receptor has a complex system of autoregulation,
wherein excessive stimulation ultimately leads to desensitization.
Several components of this autoregulation have been found. High concen-
trations of agonist produced increased stimulation and shortly there-
after increased desensitization of nAChR. Drugs which increase the
affinity between receptor and agonist modulate this autoregulation.

* Another possible mechanis2 for autoregulation, not involving the
ACh binding site, has been suggested by the finding that activation of
adenylate cyclase by the diterpen. forskolin (1 ýM) resulted in enhance-
ment of desensitization (13,14). Possibly desensitization could occur
by phosphorylation of the nAChR by cAMP-dependent protein kinase. The
desensitization produced by pyridosrigmine was significantly enhanced by
forskolJin.

Administration of oximes, either 2-PAM or HI-6. in y"v improves
neuromuscular transmission in experimental animals paralyzed by OP-
Poisoning, and the oximes are also effective in antagonizing OP action
!A X as studied by twitch and endplate current (EPC) experiments.
At concentrations varying from (0.1 to 2 mM) both 2-PAM and HI-6 caused
facilitation and eventual blockade of the indirect evoked muscle twitch.
The drugs caused a concentration-dependent depression of the EPC peak
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amplitude and shortening of the decay time constant of the EPC (rEPC)
0 which were particularly evident at the very negative membrane potentials

(fig. 5). On the single channels, the oximes, especially 2-PAM,
increased the frequency of channel openings when the agent was present
in the patch pipette together with ACh. This effect was dose dependent
and was seen clearly even with I yM of 2-PAM. The open channel proba-
bility was maintained well above control values during the entire period

*of observation. At higher concentrations of 1-50 pM, both of these
agents caused a considerable amount of flickering of the channels during
the open state concomitant with a reduction in the mean open time. HI-6
was more potent than 2-PAM in shortening the mean open time. At doses
higher than 50 pM, both oximes apparently reduced the conductance of
single channels. The voltage-dependent reduction of mean open time

* along with the depression of single channel conductance by these oximes
agrees with results obtained from macroscopic current measurements
(EPCs) and thus forms a key mechanism for their neuromuscular effect in
protecting against OP poisoning. The increase in frequency of channel
openings particularly with 2-PAH points to the interesting possibility
that another aspect of the oximes' protective effectiveness against OP

0 poisoning may be related to their ability to preserve the function of
ACh receptors under conditions of excessive accumulation of ACh.
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Natural Toxins and Their Analogues
that Activate and Block the Ionic Channel
of the Nicotinic Acetylcholine Receptor
Edson X. Albuquerque' & Charles E Spivak"'

* INTRODUCTION

The nicotinic acetylchotine receptor (AChR) and its ionic dcannel, found at thf-
peripheral synapse, arc major focal points for rescarch in our laboratories. We

have introduced a variety of natural toxins and their synthetic ana!ogues which

activatc or block the AChR, thus, revealing various states of this complex
]1 glycoprotein.

The actions of this receptor may be briefly summarized as follows: the AChR

is an intrinsic glycoprotein, with molecular weight of about 250,000 (e.g.,
Reynolds & Karlin 1978. Martinez-Carrion et al. 1975). It spans the post-

synaptic membrane like a 'grommet' bearing carbohydrate filaments which
wave in the synaptic gap. It extends from about 50 A on the cxtracellular side to a

cytoplasmatic tail of 15 A. '.Klymkowsky e al. 1980, Ross el al. 1977). W";cn a

nerve impulse reaches the presynaptic nerve terminal, 6,000-10,000 molecules of

the neurotransmittcr acetyicholinc (ACh) (Albuqucrquc et A, 1974. Fcrtuck &

Salpeter 1974, Kuffler & Yushikami 1975) are releascJ iii -quanta", diffusing

through a synaptic gap of 400-600 A to high-density patches o4 AChRs. Upon
colliding with these AChRs brief electrical transients appear across the

membrane. The binding of ACh to a recognition site on theAChR causes the
ionic channel formed by the AChR protein to open, thereby allowing c.1tionic

currents (carried chiefly by sodium under normal conditions) to flow down their

'Departme• of Ihnrmacology & Experimental Ttterapesiucs. University Gf Marylanmd School of
Medicine, Baltimore. M D 21201. 'Addictiom Rcsearch Center. Naikmal Inslitule oa Drug Abuste,

laIltiniore, MD 21224, U.S.A.

NATURAL PARO)IJCT AND DRUC Imv)tELtormir. AWW W S.,.. , a,. a..
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respective electrochemical potential gradients. Tb.: channel spontaneously
closes after a few milliseconds have elapsed and is ready to be reactivated.

Prolonged exposure to ACh or to other agonists produces a state(s), te~rmed

desensitization, in which the channel will not readily reopen.

MODE OF ACTION OF NOVEL AGONISTS:

Anafoxin-a

Certain specific natural products affect these processes in at least 4 major and

sometimes overlapping ways. They may. 1) asagoniszv, mimic the action of the

natural neurotransmitter, ACh, 2) block this action bj -ompeting with ACIi, 3)

block the AChR by binding at somec other site(s) such that ACh still binds, but

the ionic channel fails to open, or 4) behave as though thevy physically occlude
(completely or partially) the channel once it has opened. Other mechanisms are

likely to exist but are less readily dlefined by experimental probes currently

available.
One of the most potent of the nicotinic agonists tested in frog musc~e is an

alkaioid obtained from some strains of the fresh-water cyanophyte Anabaena
flos-aquae (Lyngh.) de 1tirb. This alkaloid, anatoxin-a (AnTX-a, F~ig. I Wilkop
& B rossi, this volume), has been extracted from algal cultures (Carmichael ei at.
1975, Devlin ecml. 1977), and synthecsi7.ed from cocaine (Campbell eaoat 1977),
and from simpler starting materials (Bates &, Rapoport 1979, Campbell et al.
1979). Despite this toxin's apparent structutral dissimilarity to the natural

transmitter, its physiological effects are nearly identical with those of ACli. Its

overall potency, determined by contrrcture of the frog's reauis abdloininis'

muscle, is about equivalent with that of ACla (plus 10; 11 neostigmine to
inactivate acetylchiolitiesterase) and 30 times as potent as the commonly used

agonist carbamylchioline (Spivak et al. 1979. Spivak cmlA 1993). A more direct

measure of this potency, achieved using intracefunfar recordings of the
membrane depolarization produced by 'lie toxin ia nwscle fibers, confirmed the

high potency (Spivak et at. 1979). Ira addition, comparisons of natural, (+)-.
AnTX-a with the raceniic mixture revealed marked stereoselectivity of the

recognition site. The natural toxin was 2.1 to 3.1 (M9confidenice interval) more

potent than the racemic mixture, suggesting that (-)-AnTX-a is inert, or may

even antagonize ( +)-AnTX-a (Spivak ef al. 1983). At the channel levell, agonist
potency depends on how trequentiy the channels open. the lifetime of the open
channel (r). and the conductance of thie channel (r). In other words, potency
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depends on thc total elcctric ch~arge that traverses the muscle memIbr. ne. To
evaluate the channel properties the techniqucs of noise or fluctuation analysis
and patch clamp were used. Briefly stated, in the fluctuation-analysis techniquc,

0 negative feedback is used to maintain cells at a constant potential (voltage
clamp) by 2 intracellular microclectrodes, one for recording mecmbrane
potential and onc for inijecting currcnit. The apilplicationi of the agonist (by micro-
iontophorcsis) not only increases this current, since thc ion ch~anncls arc
opening, but also causes it to fluctuate due it) the random opening and closing of

0 ~individual channels. Fourier analysis of this fluctuating current yields estimates
of channel !ifetinic and conductance (Anderson & Stevens 1973).

Using fluctuation analysis, AnTX-a was found to be unique among all the
agonists studied so f.ar, in that the channel lifetime it induces at 22" C (1.4 ± 0.1

4~ 4
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msec; n=9) is indistinguishable from that induced by the ntra trnmitr

ACh (1.4±0.3 msec; n = 16) at -80 mnV (uncertainties are standard esrrors). The
channel conductance induced by AnTX-a (15.4±0.8 pS; n= 16) is slightly less
t ha n t h at prod uccd by A Ch (17.9 ±0.9 pS; n 8) (Spi vak et al. 1980). When t he
desensitization initiated by AnTX-a was compared to that induced by ACh, no
difference was seen (Spivak el al. 1980). Thus, despite the fact that AnTX-a is a
secondary amine and a bicyclic, conjugated ketone and that ACII a quaternary
amine and an aliphatic ester, these 2 compounds are seen by the AChR to be
nearly identical.

Struacure acfit'ilJ' retationsitip qf agonidrw
Which structural eleenilts ofthc nearly rigid agonist (+)-AnTX-a endow it with
its high potency aid similarity to ACIi? According to Bates and Rapoport
(1979). reduction of tihe double bond raiscs Ms. by about I 0-fold. It may be that
this double bond, being conjugated with thc exocyclic carbonyl, locks thle
carbonyl in a co-pl~anar conformation that is most suitable for activating the
ACbR. In considering the structure of AnTX-a. its similarity to arecoline, thle
active principle from hcew] nut. Ar-eca catechu. was evident (Fig. 1, Witkop &
Brossi, this volume). Though arecoline is known for its muscariaiic effects and is
a feeble nicotinic agonist (Meyer & Oelzner, 1971, Burgen 1964), its methiodidc
salt is 1.3 times more potent tha-n carbamylcholine (Durgen 1964, Spivak Ct al.
1983), or about 1/20 ats potent as (+)-AnTX-a at the nicotinic ACIIR. Simply
changing this methyl esier to a mctlhyl ketone to yield arecolone methiodide
increased agonist potency by 6.6-fold. This new, semi-rigid nicotinic agonist
modelled on AnTX-ai is, then, among the most potent of the nicotinic agonists -

known. Another analogue, (-)-ferrugininc. bears an even stronger structural
resemblance to (+)-AnTX-at (Fig. 1, Witkop & Brossi, this volume). Natural,
(+ )-ferruiginine is derived from the Australian plant Darlin gia firrruginea (Bick
et al. 1979). We tested the eniantiomer, which has the same stereochemistry as
(+ )-AnTX-a,i Though (+ )-AnTX-a and noN - )-ercruginine differ in structure
by a single methylene group, nor-( - )-fernuginine is only about 11300 as potent
as (+ )-AnTX-a (Spiva k & Albuquerque, unpublished results). ( -)-Ferruginine

itself (the tertiary amine) is even weaker. about 1/750 as p')tent as (+)-AnTrx-a,
but (- )-fcrruginine niethiodide is much more potent, being 1/9 as potent as
(+)-AnTX-a (Spivak ef aZ 1983). To clarify this rather bewildering pattern of
structure and activity, we investigated other semi-rigid ag'onists (Fig. 1, Witkop
& nrovsi, this volume). (- ).Cytisine is tfit active principle from Laburmnio
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anagyroides. and muscarone (we used a raccmic mixture) is the oxidation

product of muscarinc, a toxic prin :plc from the mushroom Ainanita mnuscaria.

Tctramethylammoniuin was compared to the other agonists because it is the

simplest agonist and is completely rigid.

Relative potencies and channel elfects (f the agaanists at the neuromuscular s',napse

Relative potencies of all these agonists arc shown in Table I. At this point somc

correlation of structure with potency may be discerned (Spivak & Albuquerque

1982, Spivak et al. 1983, Witkop & Brossi, this volume). As mncntionWd above,

small changes in structure produce marked changes in potency. Structure and

potency, however, are both rather superficial levels of detail. Greater refine-

ments in structure of these and other agonists are being approached by computer

modelling (T. Gund, unpublished results). These calculations will yield

* information on conformation encrgie., charge distributions, van der Waals

surfaces and electrostatic field potential contours.
We have achieved greater refinements in the actions of these agonists by

* studying the channel properties they induce. Our intent was to determine how
as

these channel properties contribute to potency as well as to fiid correlations of

Table I
Paoencies of a'.omists relatiri to (+)-AnTX-a.

Potencies., defined as he reciprocals of the cquipotent molar ratios. were estimated using
contracture of lite rectus abdominis mauscic from tite frog Rat. pipkns. Data are from Spirak

Seefat. (1990, 1993).

Drug Relative polcncyX 100

(+ )-AnTX-a 100
Arecolone Mctitiodidk 29
(-)-Ferruginine Mlcti,@did I I
Arecoline mctihiodide 4.3

(-)-Cytisinc 3.5
Carbaraykholine 3.3
( :)-Muscarone iodide 2.6
Tctramethylarmmonwrn iodide 0.67

--- .Arecolone 0.57
nor- )-Ferruginine 0.3
"(- )-FCrrugimnie 0.13
3.1 Aw.l yipyridim. mathimmdido 11.017
Arecoline 0.03"

Burgen. 1964.
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these fundamental measurements with structure. First noise analysis was used to
determine channel lifetimes (Fig. 1) and conductances. Lifetimes were exponen-
tial functions of membrane potential, as expected (Anderson & Stevens 1973,
Magleby & Stevens 1972), and the regression lines shown in Fig. I yielded
estimates of the mean channel lifectimes at -90 =V. These values are shown with
the estimated channel conductances, in Table 11. Addressing the first of our
objectives, we wishcd to know to what extent these channel properties
contribute to potency. The potency depends upon how much charge crosses a
membrane treated with an agonist. This value iszheproduct ofchannel opening
frequency, the current and the lifetime of the open channels. Whereas
fluctuation analysis gives no direct information on opening frequency, it does
yield reliable estimates of the other 2. When mea channel lifetime and current
(at -90 mV) are multiplied together to estimate the charge per channel and
plotted against potency, one Finds no correlation (Fig. 2). We conclude that,
de-spite these variations in open channel properties, the frequency at which they
are induced to open by the various agonists is predonfinant in determining
potency. It is noteworthy, too, that though we see differmeces in r, these result
from only SMa1l changes in the activation energies frm channel closure. There is
evidence from the photo-isomerizable agonist, nmrm-bis-Q, that channel closure
necessarily follows the unbinding of one agonist a'. -ule from its recognition
site (Sheridan & Lester 1982). This finding sugge. chat channel lifetime is
govern ed by t he i fe t ime o f thet pro per a ganist-receptor bond. Rein force me nt fo r
this view was obtained by Trautitann and FtehzQ19S), who provided evidence

Table If

A veeqge rhannel fifetime (r) tand copiubteamee (r) ovkai" hr Fo~vier analryis of emdpiae Current

Sisrtorius muscle fibers from the frog Rooma lpipwns were *mage damped at UVC. The r values
were estimated from the linear regressioni or in r on Pmeombapestemki~. Uncnainties shown are

standalrd errors. (From Sriwa& ew of 19*1Y.

r ast -90 mV N'umber of
mgonis MCPS spectra

(-)-Cytisine 1.45 ± 004 11.2 ±0.5 so

(t)-MUSCarone 1.69 V1.05 11.8 ±(.5 53
Arecolone 2.02.1 OAX 10.4 ±0.3 77
Arecoline Mel 2.41 ±0.01 IS.1 ±0.5 69
Tetramethylammortim 2.33 ±0.07 13.1 ±0.4 75
(- ).lerrugininte methiodide 2.61±0.05 16.5 ±0.4 99

Aeycoie4.4 i±1t. 3 10.1 -1:6. 22
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Fig. 2. Relative p.ecaies and mem charge admitted (- 90 iny) per open channel plotted as a

scattergram. No correlatsso. can be seen. (lrom Spivak et a/. 1913. wills permission ihons Molecular

Pharmacology).

that when the AChR is occupied by 2 difftcent agonists, the channel lifetime is
the same as if only the agonist that produces the shorter channel lifetime were
present. It seems hopeful, then, that the studies with rigid or semi-rigid agonists,
both by molecular modelling and by correlation with channel lifetime, can
reveal the forces and geometry required to hold the agonist in its activated (open
channel) conformation. The variations in y seen with various agonists (Spivak el
al. 1983, Colquhoun 1979), as determined by fluctuation analysis, arc harder to
visualize uniquely at the molecular level. It is possible that only one conductance
state exists, but that this state flickers (open to closed) so rapidly that the
electronic filtering required by the techniquc averages amplitudes to a lower
level.

To confirm that the channel properties induced by these agonists as infcrrcd
by fluctuation analysis is a true reflection of the channel properties, we are
retesting the agonists by the "patch clamp" technique. This method, introduced
by Neher and Sakmann (1976), permits one to record the rectangular pulse of
current (about 2 p Amp amplitude) that flows when a single AChR ion channel
opens. The method consists of preparing mieropipctes whose tips, about I1pm

* in internal diameter, are heat-polished to prevent impalement of the cell and
coated with Sylgard to diminish capacitance and conductance across the glass
shank. When these pipettes are carefully pressed against a clean (i.e., no collagen



308 Al nfltQ1'ISRQV11 ASMVA

meminbrine) cellI surface and a.slight suict ion applied, 1 seal or high (around 100G
§2) resistance forms such that thc noisc level of the background current is far less
than the current traversing a single ion channel. An example (11g. 3) confirms
that one of our agonists, ferrugininc methiodide, does indeed induce shorter
channel lifetimes than does ACh.

Mixed effects of drugs are so pervasive that they can be assumed to exist until
disproved. Agonists are no ex~ception: they block their own action by
"desensitization', a term that itself encompasses 2 (perhaps more) kinetically
identifiable states (Sakmann etal. 1980, Feltz &Trautmnnn 1982). In addition,
one agonist. decamethonium. may terminate its own action by occluding the ion
channel it opened (Adams & Saknmnn 1979, Milne & Byrne 1981).

In considering some of the agonists of the (+)-AnTX-a series, we see that 3-
carbonylpiperdidinium-like compounds tend to be active. The fact that 3-
acetylpyridfinc methiodide is an agonist (though a very weak one, Table 1), in
itself suggests that pyriclastigniine (Fig. 5) may also behave as an agonist. This
agent, a well-known, reversible antagonist ofracetyic hol ines te rase, is widely used
in the treatment of inyasi/wnia gravitr. We have recently confirmed this
prediction (Akaike et at. 1983). When patch-clamp pipettes contained pyri-
dostigmine (10OO.2001i M) as the only agonistsingle-chiannel current pulses were
seen (Fig. 4). To prove that these currents were arising through the AChR

ACE TYLCH-OLINS

FERRUGININE MO A*

too .11

FHC. 3. Patch clamp retoirdi of Arhi- and frrri~einine ~Amrtfiiariiwfrd finlek charirnW cmrenssr
obitgiowd (rooma rat ,imhrdia. The chtittsinndu~Ice~d by fenviginint have civ~ity shmner lifetimet than

tindiscjfdtt hy ACtS. cottfirmiiig the dajta~ oIh~.~taif 15"uw tlowliati.ts xoatybia.
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Fig. S. Siruevurei qf 4 cwnpmmiids thi/sb/erA thei AChR nwp~cunepctiujvd. Compounds, I-IV all comne
from Dendrobaeis Aiulnonicus. They are (1) histrionicotozin, (11) perlaydrobiatrionicotoxin and (111)
gephyrotoxin. Compound IV is pyridostigatiUe.2 clinically Used aOtagonist Of acetylCholinesler se,
now shown to have direct agonist as well as antagonist actions at the AChR as well.
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channel. we pretreated the preparation (rat "myoballs". rounded myotubes
grown in tissue culture) with a-bungarotoxin, which selectively and irreversibly
blocks the recognition site of the ACh R.'The subsequent test showed no channel
currents. Binding studies also confirmed that pyridostigmine bound to the
recognition site or the AChR. Concentrations >30#M could partially inhibit
the binding of 10 nM ACh or 5 nM ci-bungarotoxin (Pascuzzoet al. 1983). The
channel currents induced by pyridostigmine alone were of low frequency. This
finding may explain the low potency of this compound, which had not been
known previously to be an agonist'. The single-channel conductance induced by
pyridostigmine was low, 12 pS, compared to that induced by ACh, 20 pS.

Further investigation into the action of pyridostigmine rcvealed that the drug
was able to augment neuromuscular transmission at relaltivey low concentra-
tions (10- 100 /M) due to inhibition of acetylcholinesterase. Higher concentra-
tions (;ý I O0,pM), however, block the ACI2 R by a non-competitive mechanism(s)
(Pascuzzo et al. 1983). Tlhc evidence for this action follows. Endplate current and
miniliture endplate current amplitudes were reduced, especially at the mem-
brane potentials more negative than - 100 mV. Addition of pyridlostigmine to
patch pipettes (with acetylcholine) caused 'Pickering" of channel currents
followed by an incerase in thc number of channel currents of abnormally low
amplitude (perhaps these were channels activated by pyridlostigmine), and a
gradual reduction in the frequency of channel opening until, at high pyridostig-
mine concentrations, it ceased altogether. Micro-iontophoretic application of
acetylcholine to the neuromuscular junction in the presence of pyridostigmine,
suggested that the blockade deepened when acetylcholine was applied si-
multaneously, a characteristic of drugs that behave as if they enhance
desensitization. Binding experiments showed that, as other non-competitive
blockers of the ACh R do, pyridostigmine could block (at millimolar concentra-
tions) the binding of [11-fl-phrrncylidine and j'1H-Mi-trydrohistrionicotoxin,

'One must consider, however, that receptori on culitured msum*lfibers are udifferent from those found
at endlplattes of mature m.,sdci. d-Titbocurarinc. the Lk-ssica competitive afttagonist, acts as an
agonist at the ACh~Its of rat myotuhes (Trautitiinn 1982. Ziskind & Dennis 1978). I towever, we have
been able to demonstrate thiit pyridostigmine activates the ACtS receptor ion channels macromole.
cult in innervated single fibers of the interasscal muscle or rrog toe. When a tigaohmr seal was
achieved with a unicropipette at the perisynapticregitswoftlumfsbers. pyridesetigmting(lOO-2t)Oj4M)
evoked the appearance of low-conductance channels (abow 9.4 pA a"d -t1O mV, inside out
condition), and low-frequetncy channels with similar charanserissies to thrA obuserved in mnyaballs.
These channel opeftings were not detected alter either may.al or muscle fiber' was treated with
a-brutsparotoain (Akaike & Albuqoerqtie. unpusblished 0~.
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agents that only block the AChR at a non-recognition site(s). Thus, this drug, so
well known for its clinical blockade of acetylcholincstcrase, has subclinical,
direct and conflicting effects on the AChiR.

* Blockade of the AChR by a non-compctitive mechanism was recognized
(Albuquerque ci aL 1973, 1974) in studies of an exotic family of alkaloids (Fig. 5)
extracted from the skin of thcarrow-pc -n frog, Dendrobaieshisirionicus (Daly

ei at 1971). At that time, it sccmcd a reasonable possibility that the protcin that
recognizes ACh and the one that composes the ionic channel were separate but

* linked (Albuquerque et al. 1973a, b). It was proposed that the histrionicotoxins
could, therefore, be markers useful in the separation. purification and charac-
terization of these 2 entities (Eldefrawi el al. 1978, Eldefrawi et at. 1977). Though
this notion of separate proteins was later disproved, the histrionicotoxins

retained prominance as labels for identifying, even dcfining, the channel
* components of the AChR biochemically (e.g., Sobel et al. 1978, Elliott et al.

1979). Confidence in the histrionicotoxins as probes of channel components
rested on binding studies that showed that the toxin binding site was distinct
from the ACh recognition site (Elliott & Raftery 1977, Kato & Changeux 1976,
Burgermeister et al. 1977, Elliott & Raftery 1979, Eldefrawi & Eldefrawi 1979,

* Eldefrawi et ai. 1980), and on ample elcetrophysiological results that the toxins
altered and blocked the AChR's ionic channel (Albuquerque et al. 1973a, b,
1974, Lapa et al. 1975, Kato & Changeux 1976, Albuquerque & Oliveira 1979,

Spivak et al. 1982).

NATURAL TOXINS THAT ARE NON-COMWETITIVE BLOCKERS OF THE ACaR:

Kinetic conjiderations
"The numerous electrophysiological actions of the histionicotoxins, reviewed
(Albuquerque et aL 1980), and extended (Spivak et al. 1982) elsewhere, are

* summarized in Table Ill. Sonic results are shown graphically in Fig. 6. Two or
more binding sites for the toxins seem needed to account for the diversity of
effects, especially the apparent dissociation of peak amplitude and decay-time
constants (Table Ill, item 7). One sufficient scheme (below) requires that the
AChR assume 2 conformations when the toxin is bound. In one conformation

*the channel can open, though with altered kinetics (hence the shortening of the
epc decay); in the other the channel is immobilized in the closed conformation. It
may be that in the "immobilized" conformation the gate, activated by the
agonist, is still free to open but that another segment of the AChR protein moves

0

* . 1
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Table III

rite Ek~o/jsnoia aotrof theIi~jncttirA.0awthsfinkml i) Cephyro-

taxin (C) and Me prone/i kt (1)) an 1.ndplaIe Carrenifs frersand Shirl~e Choewel Ctwre.,is.

Observation lnterprtawaiu

I. Decreases peak epc amplitude Bllocks ACht ionic chanasdl in its

when cpcs are triggered singly. rwsir4 conamivation.

Equialibrium is approacehd slowly

2. a. Trains or epcs foirther decrease Activation of the chaninel by (lht

peak imnphitude. (Al11,1)). agunsts reades more AM&~t vulnerable

to Novikade. Bellzvts; lske
a~ccerated J~fht7t~?

b. Responses to trains o~f acetylcholine

pulses applied by microiontusplorcsi. faide

much inore rapidly if drug is present.

(A.D),

3. After a step leyperpolarirtatt~in Either bindin of theC taxifi

(r*rcmr a holding potential of is; voltage dtqmcoten or trarisitione

- 50 mV) peak amplitudes diminish of thit toxis occupied receptor from

with time; the greater the step, unblocked :ablocked conformnatiosn
the faster they diminish. Activation is voltag deqendeeW.

of the AChRs by agoniuts is no(
required. (A.B.D).

4. Time constants for decays of lFitlser the tamis occlude uhe open

epecs are Otortened. (A-C). chanad or they allosuerically

tincrease the rate constant for

dtarnde elisiae.

S. As toxin concentration increases Simnple oechicnnn rf tfie opei

time constants for efie decays decrease channel is eacfdedcd

to a limiting value (ca. 1 ntcc). (A).

6. Voltage sensitivity for the decay The towams *us the sfipoate moment

time constants of the epcs is less of the gite tai clowse the channel

in the presence of the toxins than Mir modifiers the lctric field
under control condition. (A-C). aetisel by gpit.

7. In Contirast ta, the cITect of A singoc hsAding site for sthe

lite tojins on pteak amplitudes ioxtns or a snugle confoirmation

the time Constants of eve decays: of the AChE that ilters butb peak
at. Reach equdibrism faster amplituel sad time consiant foar

(10 min '<cquililbrnttm lttile decay is eseheded.

<I hr) (AL)).
b. Are tinalterfid by trains oefepeis. (A,1)1.
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Observation Interpretation

fi. in patch clhmp and fluctuation Interpretation 4.

analysis they shortened channel

lifetime and did not alter channel

conductance (A-C).

9. Increase chanaacl opcning Ifrcquc#y. nt1erprleat ion 2. A single

rollowcd by decrease and cessation bisading site is must likcly.

* of activity of channel openings.

maintain unaltered channel lifletine

and Cause no change in channel

conductance (D).

10. No change in channel opening Interpretation 4.

frequcncy but shortening of channel

0 lifetime and ,.aintain unaltcred

channel conductance (C).

OA

SJt.

t t

0-..--,. ,,- 44].- -

- I

-. * I I $ u c I 0 ,I ,,a , p , 5 , a

Fi.I. 6. Peak amplitude (,,) aml de~j'.uima co, seals (if) of r.ndptla¢ wvereis plotted as functioins of
* memnbrwwl poteltwnal unde~r control condition (0) anld in die pveaetw oJ') (0). $ (4). JO (03) arid 40 (I)

uM perh'dr.Aistiroicatexsn. Data were obtained from frog sartorius muscles. Bars represent
standard errors of at l.sst 9 fibers from at least 3 muscles. The inet in 3 shows reciprocals of decay
time constants plotted as a function of concentration and obtained at - 50 mV (a). - 80mV (A) and

-150 mV (0). (From Spivak ef al. 1912 with permission from Molecular Pharmacology).
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in, relieving strain caused by the bound toxin, to occlude the channel. Movement

of this secondary gate could have different kinetics and voltage sensitivity than

the normal gate, accounting for observations 4 and 6 in Table III. The scheme is

as follows:

R A A2R a A:R

RT A ART e a A2R*T Scheme I1, A' fl

In this scheme the AChR is represented by R when it is in its closed state, R" in
its open channel state and R when it is blocked by the toxin; A renresents the

agonist and T 'he toxin. In the absencc of histrionicotoxin, the channel is
activated through the sequence shown in the top row. When the toxin is adde.d

some AChRs are converted to RT. an altcred form. of AChR that may still
activate, but with altered kinetics (second row). To this point, the mcdel (first 2
rows above) described endplatc current decays obtained with 5 concentrations

of perhydrohistrionicotoxin at membrane potentials ranging from - 30 to - 150
mV (Spivak eal. 1982, Fig. 6). The third row cfthe scheme may account for the
closed channel blockade (AT) and the use-dependent effect (A2RT- A21ZT and
AiR*[ -- Az21'T). The use-dependent effect would arise from a favored

pathway, AIRT - AzaTor perhaps via AzR*T- A211"T- A21T. The observed
voltage dependence (Table III, obs. 3) may reside in the transition R - 11 in its

various forms. Channel closure from the A2R*Tstate could proceed via A2RT or
via AzIk*T.

The histrionicotoxins possess allenic and acetylenic bonds and a spiro linkage

(Fig. 5). In addition, they have 4 chiral centers to which are attached the major
structural groups of the moiccule (Daly et ,I. 1971). Inversion of evcn a single

chiral center could produce drastically dif'crectt effects. Recently, the cnantiomer

of natural, (-)-perhydrohistrionicotoxin has been synthesized (Takahashi V al
1982). When we compared both enantiomers carefully in frog sartorius muscles,
we found no difference in their blockade of peak amplitude or shortening of the

time constant for ep: decay (Spivak el al. 19K2, Spiva k, Malcque & Albuquerque,
unpublished observations). On the other hand action potentials in muscle were
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I/'n. 7. Reripri n"tr of rhe rim,'e e'nnrfantr for the d,!'ar of' erp.s ,•hiind in tie presetme of
dpent !pe'rh drnlsi~i,'o (.tnkrn u(A) and gelpti'rt,'arin ([I) phrcd ar ftiiwianr of dr,$ concentraltion.
lUJ tlikc plthydrohisitrittnict)ifimin (Fig. 6. iimet II). liLse drugs produce linear plnts sngge.t ing

,cchi , (o i of tihe open channiel a ialie micc' i•ia sn i ( }l'hiock;iade. Me•fhr•f n Ie c tic a s in 11 are - 150
titV (O). - •0 mnV (a). -50 m iV (C) td + .I-5) iiV ( *). tel cmnpcr;aiure it A wa% 22* C and the

temperature in il was W0
0

C.

slightly, hut consisteittly. more arfl'cied (mlaxiniln rates of rise and fill were

dcpress•d and overshoot was decreased) by ( 4-)- than by (-)-perhydrohistrio-
nicotoxin (see below and ",ible IV). This finding ruled out thc possibility that the

torns were producing all their effects "/ia bulk lipid. We conclude that either the

site on tihe AChR thhat binds the histriu licotoxins is symmetrical or that

lhydrophobic interactions overwhelm sicreocheinical ones (Spivak & Albuquer-

que 1982).
Alterations in the degree of saturation of the hydrocarbon chains in the

histrionicotoxins does alter potency somewhat. lsotetrahydroliistrtonicotoxin

was most potent and octahydrohistrionicotoxin was least p(,ent of4 compared

by recording endplate currents (Spivak ca al. 1982).

When fle n-pentyl chain wa. rcmoved from pet hydro! i •vrio.licotoxin, the

rC.et:iing alkaloid ("dlcpCelyllicthydru1.1ihtrn(Iicitoxill") retained ;activity ;as anl

AChlt blocker. Like the pareat compotund. perhydrnihitrionicotoxin (Spivak et

al. 1982). tile depentyl analogt.ue licked the peak amplitude of epcS by about

50% at 5/iM and also firoduced th - voltage dependence in the ex'"hit of the

blockade (Maleque et aL 1994). It is notewi)rthy that similar natural products,

cit- and irni.t-2-iiicthyl-6-indecvl piperiune, constituents of fire-ant venom, are
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also potcnt. non-compctitivc and practically irreversible blockcrs of thc AChiR
(Yeli el a!. 1975). Dcpcentylpcrhiydrohiistrioniicotoxini shortened thc timic
constants for cpc decay and channel lifetime, but, unlike its parent compound,
this time constant approached no limiting value., at least up to concentrations
that produced complete blockade of thc AChR. In contrast to histrionicotoxins
(Fig. 6), plots of the rcciprocal of the time constants vcrsus toxin concentration~
were linear (Fig. 7), suggesting that this toxin behaves as anI open channel

occluding agent (Spivak & Albuquerque 1982).
When both alkyl chains are removed from histrionicotoxins, tile resulting

compound still blocks the peak amplitude of epc, but potency is markedly
redu ~cd to about 0.01 Ito 0.02 that ofthle dcpcntyl- and per-hydrohistrionicotoxins
(Spivak et a!. 1982). This finding reinforces the view that hydropiobicity plays a
large role in non-co~rnpctitivc blockade of the ACIIR.

Thc histrionicotoxins also affcct the voltage sensitive Na and K channel$ of
the electrically excitable membranes of skeletal muscle. To be evident, these
effects require higher (70 suM) concentrations than do effects of thle AChR. and
are enhanced during trains of repetitive stlimuli as shown in Table IV (Spivak et
al. 1982). Gencrally, the toxins slow the r.itc of rise and fall of the action
potenti;1i and decrease the overshoot. In relatively high Concentrations. thle.
toxins have a local anesthectic-like property, i.e., they partially decrease both

sodium and potassium conductance. A surface charge effect is a perennial
possibility supported by the observation that perhydrohistrionicotoxin raises
threshold (Table IV). l-owcvcr, this is insufficient to explain the other effects
because, whereas (+.and (- )-pcrhydrohistrionicotexin raise threshold
indistinguishably, ill other measurements the (+ )-cniantiomer was somewhat
more effective (Table IV).

Besides thle histrionicotoxins, the skin~ of Dcrnlrobutes Itistionicies yields
another alkaloid, gephyrotoxin (Daly el a!. 1977). Like tlie histrionicotoxins it

* contains a piperidine ring and a 5-mcnmlired hydrocarbon (vinylaicclylenc)
chain (Fig. 5). Also like the histrionicotoxins it blocks thle AC1111, though it takes
a higher concentration than depcrntyl- or )crh~ydrohistrionicotoxin, about 30
puM, to block peak amplitudes of the (;pc by about 50% (Souccar et al. 1984a).
Binding studies sh~owed that gepllyrotoxin's actions are non-competitive Withi

* ~~respect to agonists (Souccar el al. 1984b). As was found with (+)- and ()

perhydrohist rionic~ptoxin the 2 eniantioniers of gephyrotoxin were not discerned
by the AChR (Souccar et at. 1984b). Gephyrotoxin behaved as if it enhanced
desensitization, as do the Itistrionicotoxins, but differed in a number of othier
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actions. It showed no voltage dependence and. whereas it shortened the time
constant for epc decay, this shortening did not approach a limiting value and
behaved instead as an open channel blocker (Fig, 7. Souccar et al. 1984a).

The ACh R is a chemical transducer that converts the chemical potential ofan
agonist into an electrical signal. Despite all that has beent learned in recent years
of the structural and behavioral characteristics of the AChR, molecular
mechanisms remain obscure. Chemical tools, obtained from and frequently
modelled on, natural products fri~m diverse organisms, such as algae and
amphibia. highlight aspects of the ACnIR's actions that wvill help to elucidate its
mechanisms.
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DISCUSSION

NAKAN!SISI: What are the biological effects of simple ace•ylcholine analogues in
which the 2 methylene groups have been replaced by cydoprmpne, cyclobutane,

or cyclopentnne, and with cis- or trans-oricntatijn of the functional groups?

ALBUQUERQUE: I have not studied these compounds.

WITKOP: There is a group in Japan, as well as in Uppsata (Richard Dahibom),
who have synthesized wuch compounds.

ALBUQUERQUE: I don't know if they have done thew types of biochemical
experiments.

PORTOGHESE: The synthesis and cffects of the cis- and tratrr-cyclopropane
analogues ofacetyleholine were published quite a numbero(ye-ars ago (1). It was
found that the trans-isomer was as active as acetylcholine, whereas the cis-form
was not.

LAZDUNSKh: W'iat is the difference between anatoxin and carbamoylcnoline or
acetylcholine in binding experiments?

ALBUQUERQUE: The elect rophysiological experiments usig anatoxin chow that
this is a very potent agonist, certainly more potent than carbamylcholine
(Spivak et ai. 1980, p. 321).

KROGSGAARD-LARSEN: Is it likely that these differe.. agonist; may differ
substantially in the receptor occupancy time, and is it possible that one could
correlate the receptor frequency with the receptor oceuateyP time?

ALBUQUERQUE: In 1973 we measured the receptor ocupacy in preparations,
where one can calculate almost precisely the density of the receptor (2,3).

LAZDUNSKI: There is a very important natural compouni which is classical in
this field, but which you have not talked about, namelyemire. Could you tell us
how you see the mechanism of action of curare in the U& of you" studies of
cholinergic agonists?

I I I l I ' ; ;



DISCUSSION 323

ALmUQUERQUE: The reason why I did not mention curarc is that this compound
has a rather complex action on the nicotinic rcccptor at the ncuromuscular
synapse. The agent is an antagonist of the acetylcholine receptor and also a
blockcr of the associated ionic channels. The difficulty with studies of curare on
this kind of channel is that you have to be very careful about what preparation is
used. If you use for example, a dencrvated preparation or a ncuroblast, then

curarc is no longer a blockcr; it appears to interact with the nicotinic receptor as
an agonist. But as mentioned above, in the mature muscle curare is not only anl

agonist but also a non-competitive blocker of the ACh receptor. Apparently, a-
bungarotixin is the most reliable antagonist of the acetylcholine receptor.

LAZDUNSKI: Is it possible that molecules like curare, whkih arc consitictcd as
antagonists, are in fact agonists which open the ch:aoc!, but with such a low
frequency of opening that when one looks at the macroscopic properties of the
system, it looks like an antagonist molecule? It is'a fundamental point in
pharmacology to differentiate between agonists and antagonists.

(I) Armstrong, P. D., Cannon. J. G. & Long, J. P. (1968) Nature 220. 65-66.
(2) Albuquerque, E. X., Barnard, E. A., Jansson, S. & Wieckowski, J. (1973) Life Sciences 12.

545-52:
(3) AlbuquorqL,. E. X.. Barnard. U3. A., Porter, C. W. & Warnick J. 1. (1974) Proc. Nail Arad. Sci.

USA 71, 2818-22.
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ABSTRACT:

The present work describes the effects of irreversible ChE inhibitors,
VX, tabun, and soman, and the reversible ChE inhibitor physostigmine on the
glutamatergic synapses of the muscles in locusts (Locusta migratoria).
Excitatory postsynaptic currents and miniature excitatory postsynaptic
currents were recorded from the extensor or flexor bundles of the metathoracic
tibialis muscles of locusts. All organophosphate agents and physostigmine
produced spontaneous action potentials and excitatory postsyaptic potentials
in a cyclic pattern of bursts and silent periods. Neither Naja toxin
(10 pg/ml) nor atropine (10 A.) was effective in blocking this activity.
Reduction of external Ca4+ concentration to 0.8 mM abolished action potentials
but not the excitatory postsynaptic potentials indicating a presynaptic site
of action of these compounds. Tetrodotoxin (0.3 UM) completely blocked the

*spontaneous EPSPs which reappeared when the toxin was removed from the
physiological solution. These organophosphate agents and physostigmine
reduced the peak amolitude and caused nonlinearity in the current-voltage
relationship of EPSCs and shortened their decay time coustaat ( T ). in
conclusion, the irreversible and reversible ChE inhibitors aside-Frfom their
well described effects on nicotinic synapses can also influence glutamatergic
synapses through pre- and postsynaptic actions. This novel effect described
for the first time could very well be of importance in explaining some of the
symptoms of OP poisioning and particularly those involving the central nervous
system.

INTRODUCTION:

Organophosphate and carbamate compounds inhibit cholinesterases (I) and
have a direct action at the nicotinic ACh receptor-ionic channel macromolecule
(2, 3). Anticholinesterase (anti-ChE) compounds are used as insecticides.
There is good evidence that in insects, ACh is a transamtter at sensory and
central nervous system synapses (4, 5). The excitator,' neuromuscular
junction, on the other hand, is not cholinergic but glutamatergic (6-9).
Since preliminary experiments had shown that anri-chE agents affect
glutamatergic synapses of the locust muscle (10), a stady vam undertaken to
investigate the mechanism of pre- and postaynaptic actioem *f WF, VX, tabun
and physotigmine on the locust neuromuscular junction. TMe result have shown
that at the insect neuromuscular junction the actions at seganophopbatces and
carbamates are not solely related to their interaction alth the presynaptic
nerve terminal but are also due to effects on the glutamare-induced
postaynaptic response.



METHODS AND PROCEDURES:

Preparations and solutions: Electrophysiological experiments were
performed on the flexor (FTiM) and the extensor (ETiM) tibialis muscles of the
metathoracic leg of newly emerged adult males of Locust& migratoria. The
muscles were isolated as described earlier (11) with some modifications (12)
and examined by transillumination. The crural nerve was cut I mm below the
metathoracic ganglion when EPSPs or EPSCs were recorded from FTiM muscles.
The physiological solution for perfusion was of the following composition
(mM): NaCI, 170; KCl, 10; NaH2 PO4 , 4; N1a2 HPO 4 , 6 and CaCl 2 , 2. This
solution was bubbled with 100Z 02 and had a pH of 6.8.

Twitches were reduced by treating FTIM muscles with glycerol (150 m4).
Similarly, excitatory postsynaptic potentials (EPSPs) and currents (EPSCs),
were recorded in the presence of decreased CaCl 2 (0.8 mH), and increased MgC12
(10 to 15 mm) concentrations (3 and 10). During noise analysis and minature
excitatory postaynaptic current (MEPSC) experiments, ETiMs were used and the
external calcium concentration was decreased to 0.2 mM. To minimize receptor
desensitization,. the muscles were pretreated with 1 if conconavalin A for
30 min. All experiments were performed at room temperature.

EPSC recording and analysis: EPSCs were recorded with glass micro-
electrodes filled with 3 i KCl and having resistance of 3-5 MHS. Similar
electrodes were used for passing current. In the experiments where EPSPs and
EPSCs were studied in FTiM, the crural nerve was electrically stimulated by
using a pulse of 0.05 msec duration. To accomplish this, the nerve was cut
1 mm above the metathnracic ganglion and slicked into a fine glass capillary
electrode for stimulation. The voltage clamp technique was similar to that
used earlier (13) with some midifications (14). The EPSC waveforms were
displayed on an oscilloscope and digitized at 10 Kuz by a PDP 11/40 mini-
computer. The EPC peak amplitude and the decay time constant of the
EPSC (r .... ) under control conditions and during the exposure to drugs were
studied at different holding potentials in increments of 10 mW at-ps. The
decay phase of the LPSC (80-20% of its amplitude) was fitted with a single
exponential (linear regression of the logarithms of digitized current
amplitude) to calculate TEPSC.

lEPSCs and EPSC fluctuation analysis: HEPSCs and EPSC fluctuations
induced by bath application of monosodium L-glutamate (100-150 0M) were
filtered (1-1000 Hz) using a Krohn-Hite 3700 bandpass filter and recorded on
magnetic tape by a Racal Store 4D FM tape recorder for later analysis on a PDP
11/40 digital computer. MEPSCs were captured by a digital oscilloscope
(Gould, OS 4000) before being transmitted to the computer for averaging and
analysis.

Drugs and toxins: Physostigmine (Phy) sulphate, conconavalin A, and
monosodium L-glutamate were purchased from. Sigma Chemical Co., USA,
Tetrodotoxin (TTX) from Sankyo Co., Japan and Diisopropylfluorophosphate (OF?)
from Calbiochem, USA. Diisopropylaminoethyl-methylphosphonothiolate (VX) and
dimethyl phosphoramidocyanidic acid ethyl ester (tabun) were provided by the
U.S. Army Medical Research and Development Command. a -Bungarotoxin and Naja
toxin were kindly provided by Dr. H. Eldefrawi.



RESULTS AND DISCUSSION:

Ef fectR of anti-ChE agents on spontaneous EPS?. and action, potentials
(APs): When FTiM wusr-les were perfused with normal physiological solution
only MEPSPs could be recorded from the postaynaptic region. Exuosure of
muscles to solutions containing low [Ca 2+I0 (0.8 mM), and VX (10 iýM) for 15
min, produced repetitive spontaneous EPSPs airernating with periods of
electric silence (Fig. 1). The spontaneous firing of USFSs obtained in the
presence of anti-ChE agents was large enough to trigger wascic ANs after only

Figure 1. Spontaneous activity recorded from locust amscie in the presence
of VX. VIC (10 W*) induced spontaneous EPSFs in a cyclic-pattern of
.bursts and silent periods in FTiM (mebrane poteatial -- 55 0V). The
physiological solution contained 0.8 mM [Cal Z+ 0

15 min of drug exposure. The spontaneous activity ws eliminated after
washing the prep ation with drug-free physiological solution for 60 min. The
reduction in [Ca 10 to 0.2 mM eliminated both the spontaneous ANs and EPS~s
recorded from FT~iM in the presence of anti-ChE agents. Similar res~ults were
observed with physostigmine.

The origin of spontaneous activity appears to be at the presynaptic,
site. A direct interaction of anti-ChE agents with the presynaptic. nerve
terminal is substantiated by the evidence that perfusing th~e imascles with TTX
(0.3 PM) abolished tabun-induced spontaneous EPSPs (Fig. 2). The activity
reapperred when TTX was removed from the perfusion medium. It is likely that
the anti-ChE agents increase the sodium permeability at the nerve teriiinal
which in turn increases Ca 2+ influx into the terminal. The possibility that
nicotinic and/or muscarinic receptors are involved in spontaneous activity
induced by anti-ChE agents was eliminated by the observation that neither
Naja-toxin, a -bungarotoxin nor atropine was effective in preventing spon-
taneous EPSPS.

Postsyn*Etie actions of VX at the glutamatergic mserasmsculrjuntion:.
VX (10 ijM) reduced the peak amplitude (23%) and the half decay time (12%) of
the EFSS evoked by stimulating the crural nerve. Higher concentrations of VX
(50 PM) induced a further reduction of the peak ampli 'tude (4.5%) and theu half
decay time (26%) of the EPSI'. These effects were reversible after 30 min
washing. VX did not induce time-dependent depression of peak amplitude of
evoked EPSPv. The current-voltage relationship showed that YX (10 idI) signif-
icantly decreassed the peak amplitude of the EPSC which wsaccompanied by
nonlinearity at potentials above -90 mv. The depression In peak amplitude was
accompanied by a decrease in 'ES (Fig. 3). Similar effects were seen
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Figure 2. The ef fect of TTX on spontaneous activity recorded from iMM

treated with tabun (20 W)tO.A) shows small KEPSPs recorded under

control conditions at 2 mM [Caý+] (B) shows APs recorded after ?O

min exposure to tabun (20 WL), eC) exposure of the muscle to taburz

(20 Wj) plus TTX (0.3 ýM), (D) shows the preparation after 60 adn

washing with anti-ChE agent alone (membrane potential -- 50 Wy).
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Figure 3. Effects of VX (10 AM) on the current-voltage relationship and

decay time cons tant of the EPSC. Each point represents the mean i

S.D. of 4-7 EPSCs for control (Q and 20-35 EFSCe for VXCO)
All the EPSCs were recorded from the sane group of FUiM fibers
before and after exposure to VI.
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with MEPSCs. Fluctuation analysis of the single elementary phenomena induced
by bath application of L-glutamate under control conditions and in the
presence of VX (10 jM) for the same fiber clamped at -47 mW showed that VX
shortened channel lifetime from 1.7 awec to 1.1 msec with negligible effect on
channel conductance.

In contrast to VX, relatively high concentrations (mm) of DFP, physo-
stigmine and tabun altered peak amplitude and r .SC" Tabun in this respect
was devoid of any postsynatic effect. The depression of peak amlitude without
any significant effect on T PSC by physostigmine could be a result of pre-
synaptic action of physostigmlne. Preliminary experiments have indicated that
physo3tigmine decreases quantal content of the EPSC.

One important difference between the actions of DFF and VX on the
glutamatergic synapse in this study vs. the nicotinic receptor-ion channel (3
and 14) is that neither agent induced double exponential decay in T EPSC . Thus
the mechanism by which VX shortens the channel lifetim of the putative
glutamate receptor of the insect muscle may involve blockade of an open
channel. Such blockade could be represented by a sequential model described
previously (10).

nGlu + Rr GlUn Rc G nluR 4V K_3 Clu GaI RnDrnno K_3b

(Glu, glutamate; Rr, lutamatergic receptor; K3 and K13, forward and reverse
rate constants for cInnel open blockade; D, organophospuate 3gent; GlunRc,
Glu R and Glu R bD, closed, open and blocked state of the receptorno b
respectively.)

Thus the present study shows that both carbamates and organophosphate
compounds have a direct action on the presynaptic nerve terminal of the
glutamatergic synapse. Of the organophosphates, VX seems to be very effective
in altering channel conductance and lifetime. These results have revealed a
new site for the action of organophosphates.
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1. INTRODUCTION

The acetylcholine receptor-ionic channel (AChR) of the neuromuscular
junction, particularly that from Torpedo electric tissue, is perhaps the best
characterized of the receptors for neurotrasuitet. However, little is
known about the structure and molecular constituents of the glutamatergic
receptor. The AChR has been functionally isolated, and the amino acid
composition and topographic arrangement of the polypeptide subunits have
been detailed. The AChR is a 250,O00-dalton g/yiproteia, comprsed of
four different subunits -n the stoichiometry az2M, which traverses the
postsynaptic membrane and extends about 50-60 A o th extracellular side
and 15 A on the cytoplasmic side (Reynolds & Kadi, 1979; Klymkowsky et
al., 1980; Karlin etal., 1983). Figure 1 is a diagrmmatic representation of
the AChR macromolecule and shows the positiom of the selectivity gate as
suggested earlier (Aguayo ef al., 1981; Horn d d., 1980). The involvement
of some of these subunits in the binding sites for drugs such as local
anesthetics. phencyclidine and perhydrohistuioniwtosiu has been deter-
mined biochemically and electrophysiologically (Kadin, 196•; Spivak &
Albuquerque, 1982; Wan & Undstrom, 1964; Chuangm eiL, 1984). At the
neuromuscular junction, the arrival of a nerve impulse cames quamud

p
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(a)
0 0 2

* (b)

Fig. I - (a) Three.dimensaeal view of niotim aoc sytlotinc receptor (ACaR)
3 protein eubodied in the postuynaptic ambran in doe (left) sad open (right)

channel c•figurations. Spheres attached to and fioatng ova the receptot protein
represent agonist molecules. (b) Diagrammatic repmentAtion of the prfile (left)
and top view (right) of AChR. The topographic aragement of the receptor

ubunits suggested by Karia el aL (l•9M) hafe beea show.

I) release from the nerve terminal, of about 6,000-10,000 molecules of the
neurotransmitter acetylcholiac (ACh), which diffuse through the synaptic
gap of about 400-6M im and bind to a high-density patch of AChRs in the
postsynaptic muscle membrane (Albuquerque etal., 1974; Kuffler & Yos-
hikami, 1975). Binding of ACh to the agonist-recogpition site on the AChR
triggers a conformational change which opens the ionic channel, thereby
allowing the ionic flux to occur according to the deletachenical gradients.
The channel closes spontaneously after a few millisewodn, the agonist
molecules unbind, and the receptor is free to repeat the cycle (Spivak &
Albuquerque, 1982). The free agonist molecules are rapidly hydrlyzed by
the cholinesterase (ChE) present at the junction. Continuous exposure of
the AChR to ACh and other agonists induces a desensitized conformation
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(Katz & Thesleff, 1957) which is characterized by a closed channei and an
increased affinity for agonist binding. In addition to the sites that recognize
ACh and other agonists and specifically bind the snake venom oc-bungaro-
toxin (a-BGT), the AChRs have several sites, presumably located at the
ionic channel moiety, to which agents can bind and thereby allosterically
modify neuromuscular transmission (Krodel er al., 1979; Changeux et al.,
1984). These sites bind to a class of ligands, known as noncompetitive
blockers of the nicotinic receptor, which comprise a large variety of drugs
with distinct pharmacological activities (see Spivak & Albuquerque, 1982).

Although there is strong evidence that cholinergic transmission is
present in central synapses of arthropods (Corteggiani & Serfaty, 1939;
Tobias et al., 1946; Colhoun, 1958), investigations of the insect neuromuscu-
lar synapse revealed a lack of action of ACh and several other cholinergic
agonists and antagonists (Colhoun. 1963; McDonald et al., 1972). Indeed,
neither cx-BGT nor a-Naja toxin affected the transmission in these animals

* (Idriss & Albuquerque, unpublished results). At the iteuromuscular
synapses of the arthropods, the neurotransmitter involved in the excitatory
process is L-glutamate (Usherwood & Grundfest. 1965; Usherwood &
Machili, 1968; Faeder & O'brien, 1970). The features of the insect central
and peripheral synapses which control its susceptibility to ChE inhibitors are
undetermined. The relationship between the toxicities of the ChE inhibitors
and their neurophysiological or neurochemical actions in insects has not
been well defined. The inhibition of ChE in vertebrates is reported to cause
asphyxiation. However, it is still unknown why many anti-ChE agents are
more toxic to insects than to vertebrates (Hollingworth. 1976) and how in
insects the inhibition of ChE leads ultimately to death.

Recently, studies carried out in our laboratory have demonstrated that
the carbamate pyridostigmine, in addition to its well-known anti-AChE
properties, interacts directly with sites on the postsynaptic AChR macromo.
lecule (Pascuzzo et al., 1984; Akaike et al., 1984). Preliminary studies with
other reversible and irreversible inhibitors of ChE have shown that these
agents have direct actions on the nicotinic AChR complex as well as on
glutamatergic neuromuscular synapses of insects (ldriss & Albuquerque,
1985). The purpose of the present investigation is therefore to unveil the
direct actions of the reversible ChE inhibitor, physostigmine (PHY), and
the irreversible organophosphate auti-ChE agents diisopropylaminoethyl-
methylphosphonothiolate (VX) and diisopropylfiorophosphate (DFP) on'
the presynaptic nerve terminal and postsynaptic membranes of the frog and
insect neuromuscular junctions. Using the metatboracic extensor tibialis
(ETiM) and flexor tibialis muscles (FI'iM) of the Socust, we observed that
these anti-ChE agents affected the transmitter release process by depolariz-
ing the presynaptic nerve terminals and thereby eliciting spontaneous
endplate potentials (EPPs) which were large enough to trigger repetitive
action potentials (APs). Some of these agents showed postsynaptic actions,
including blockade of the channels associated with the glutamate receptor.
The implications of these actions in the overall central and peripheral effects
of these agents should be considered.
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2. MATERIALS AND METHODS

2.1 Preparations and solutions
2.1.1 Frog nerve..muscle prepmstdons

Sciatic nerve--sartorius muscle preparations of the frog Rana pipiens were
used for the studies of endplate currents (EPCs) and fluctuation analysis.
The frog Ringer's solution had the following composition (mM): NaCI 116,
KCI 2, CaCl2 1.8, Na 2HPO4 1.3, NaH 2PO4 0.7, and was saturated *ith pure
oxygen. The final pH of this olution was adjusted to 7.0±0.1. For EPC
experiments, the preparations were treated with 400-600 mM glycerot to
disrupt excitation-contraction coupling while tetrodotoxin (TTX, 0.3 I.M)
was added to the bathing medium to prevent twitching during noise analysis
experiments. All the experiments were conducted at room temperature
(22-24 -C).

2.1.2 Locust nerve-usicle preparadow
FTiM and ETiM of adult Locusta migratoria (Fig. 2) were dissected

/A

pFIN

(a) (b) (C)

Fig. 2-(a) Ster& cwo(a dsd Iam dfe sb eanS S(NS) amn nem 3b
(N3b) Wwn'ating At= metatboraci tibiak mick (FfMM) ma eacma mew.
thoraac tibi& mude (ETrM); (b) nad (c) we zhecaii dawiap e( EM a&W

FrIM

according to the technique previously described by Hoyle (1955). The
physiological solution had the following umpousitioa (mM): NaCa 170, KCG
10, NaH 2PO4 4, Na2HPO4 6 and CaCI2 2. This solution had a pH of 6.8. To
decrease the muscle twitch in EPC and EPP experiments, the muscles were
treated with glycerol (150 gM), the axcentratiom of CaCa was decreased to
0.8 mM, and 10 mM MgCI 2 fwre added to the physiological solution. For the

p ,
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noise analysis experim~ents the concenuzatiasof CaI 2 was further decreased
to 0.2 rnM. To minimize receptor deesiiato, all the preparations were
pretreated with I IAM concanavalin-A fom 30 tutu (Mathes & Usherwood,
1976). All tL. experiments were carrid out at room temperature (22-24
OC).

2.1.3 Isolation otnrnsde fibers for six*e dhmW i emllisp
Single fibers were isolated from the inserosseal muscles of the largest toe of
the hind foot of the frog Rana pipiens. The physiological solution used was
the frog Ringer's solution mientioned earfier. After careful dissection, the
muscles were treated with collagenas (Type 1, Sigma; 2 h) followed by
protease (Type VII, SJigma; 20-30 mnti). During the protease treatment, the
isolation of the fitbers was achieved by application of a stream of the solution
from a Pasteut pipette. The single fibers were stored overnight at 5 *C in a
solution contaiuing bovine serum albotin (0.5 rug ad-'). The details of this
technique ate described elsewhere (Allen et at., 19M4).

2.2 Electrophysiologicul techniques
2.2.1 EPC recording and analysis
The voltage-clamp technique used to evaluate the transient currents gener-
atcd by the interaction of either Athor ghagamale with its receptor site was
similar to that described by Takeuchi and Takeuchi (1959) and modified by
Kuba et al. (1974). Glass microelectrodes, filled writh 3M KCI and having
resistances of 3-5 MO were routinely used for intracellular recording and
current injection. The EPC wavefoms were sent on-line to the computer
(PDP 11/40) at a digitizing rate of 10 kHz. The decay phase (80-20%) was
fitted by a singic exponential (linear regression on the logarithms of the data
points) fromn which the EPC decay tim constant (-rnpc) was determined.

2.2.2 EPC fluctuation analysis
EPC fluctuations were induced either by ACR rnicroiontophoresis (pipettes
filled with 3M ACh) or by bath apptieafm of monosodium L-glutamate
(100-150 jAM) in frog and locust nerve-unse prepasations, respectively.
The method for EPC fluctuation malysi was simila to that described
elsewhere (Anderson & Steven, 1973; Pascm et aL, 1984). Segments of
records obtained before (baseline) wd dwing application of either ACh or
L-glutamate were analyzed, and Ike reulting power density spectra
provided single channel conductancet)sand channeltifeuime (vl) estimates.

2Z2.3 Patebh-damp recording and dita~f
The~ isolated muscle fibers were seawed i the remcring chamber using an
adhesive .-.iixture of paratilm and puasai oil (30%:70%) (see Allen et al.,
1984). The bath was filled with a HEPES-buffered solution consisting of
(mM): NaCl 115, KCI 2.5, CaCII2 1.SuHEPES3;the pH was adjusted to
7.2. Tetrodotoxin (0.3 1LM) was added topiecn the fibers from contract-
ing. Single channel currents were , , I, I using paft-dz.amp technique
(Hamill dal4., 1981). Micropipeft wee ptepare in twc' stages from
borosilicate capillary glass (A & M Spm) and after heat polishing they
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had inner diameters of 1-2 Am and resistances of 10-12 Mfl when filled with
HEPES solution. ALI the drug solutions were filtered through a millipore
filter (0.2 i.m) before use. An LM-EPC-7-patch-clamp system (List-Electro-
nic, West Germany) was used to record the single channel currents. For
computer analysis, the experimental results were filtered at 2 kHz by a
second-order Bessel low-pas filter and sent to the computer at a digitizing
rate of 10 kHz from FM tape. Histograms of total current amplitude and
channel open, close.; and burst times were provided by an automated
computer analysis program.

2.3 Drugs and toxins
Acetylcholine chloride, physostigmine sulphate, DFP, concanavalin-A, and
monosodium L-glutamate were purchased from Sigma Chemical Co., USA,
and tetrodotoxin (M)X) from Sankyo Co., Japan. VX was provided by the
US Army Medical Institute of Chemical Defense, and a-bungarotoxin and
a-Naja toxin were kindly provided by Dr. M. E. Eldefrawi. Propyleneglycol
was used to prepare the stock solution of DFP. All the stock solutions were
stored at -25 "C and diluted to desired concentrations with the physiological
solutions prior to use.

2.4 Statisticai analysis
Statistical analysis of the data was performed using students' t test and P
values <0.05 were considered significant.

3. RESULTS

3.1 Effects of the reversible ChE Inhit PRY on the AChR
The ChE inhibition by PHY and other similar agents at the frog endplate
region results in potentiation of muscle twitch and increased peak amplitude
and prolongation of rCm of the EPCs (e.g. Eccles & MacFarlane, 1949).
However, at high concentrations of PHY or in preparations where ChE was
previously inhibited by an irreversible anti-ChE agent such as DFP, a
marked decrease in EPC peak amplitude and shortening of -rEM were
observed, suggesting direct effects on the nicotinic AChR. In the presence
of PHY, the depression of the EPC amplitude occurred without affecting the
linearity of the current-voltage relationship observed under control con-
ditions, and CEC was shortened in a voltage- and concentrution-dependent
manner. According to a sequential model for channel blockade (see Section
4), if the rate constant for the unblocking reaction is negligible, the blocked
state is sufficiently stable so that EPCs would be a single exponential
function of the time and -c, shortened as follows: tE,,c-=k-z+ks (D]
where k- 2 is the rate constant for EPC decays in the absence of the block=,
k3 the rate constant for the blocking reaction and D the blocker. At a voltage
range of -20 to - 150 mV and in the presence of any concentration of PHY
tested, !he EPC decay was a single exponential function of time. Consistent
with the predictions of the mentioned model, a linear plot of I/'EPC vs. drug
concentration and an exponential voltage dependence of the rate constant of
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the blocking reaction (k3) were observed (Fig. 3). However, when the
membranie potential was shifted to more positive potentials in the presence
of concentrations of PHY higher than 100 AM, double exponential decays
became discernible (Shaw et al., 1985).

Single channel recordings obtained ,with a patch pipette containing PHY
together with ACh no longer showed the square shape characteristic of the
ACh-activated channels (Fig. 4). The current during the channel open state
showed irregular, increased noise and was interrupted by many short
closures. These events were induced by PHY at concentrations as low as 100
nM and had a conductance similar to those activated by ACh alone (30 pS).
However, at concentrations of PHY > 50 AM, these events became more
evident, and a decrease in channel conductance was observed (18 pS at 200
AM PHY) which was not further changed at higher concentrttions The
histograms of channel open times disclosed a single exponential distribution
at all the concentrations of PHY tested and shortened mean channel open
times (9.1 ms under control conditions compared to 4.2 ms in the presence of
200 AM PHY). In contrast to the predictions of the sequential model, the
plot of the reciprocal of this parameter vs. drug concentration showed a
partiai saturation; indeed, no additional decrease in mean channel open
times was observed at higher concentrations of PHY. Tha analysis of the fast
closed times (briefer than 8 ms) revealed an increased number of short
closures within bursts in the presence of PHY, but their duration was not
significantly changed.

In addition, PHY at concentrations as low as0.5 AM acted as an agonist,
activating channels with conductance similar to those generated by ACh
(Fig. 5). This activation was completely suppressed by either or-BGT or cr-
Naja toxin, which suggested interactions with ACh recognition sites on the
AChR. High concentrations of PHY (5-50 ,M) indwced a clear appearance
of those altered events recorded in the presence of PHY together with ACh.
At concentrations higher than 50 A,, PHY generated channel openings
with lower conductance.

3.2 Effect of irreversible chohinesteme biddtm VX and DFP on the
AChR

The organophosphate anti-ChE agent VX was studied on EPCs recorded
from frog sartorius muscles. At low concentrations of VX the alterations in
EPC were consistent with ChE inhibitim. However, increasing concen-
trations of VX revealed some direct interactions of this agent with the
nicotinic AChR. Thus, VX (0.1-1 AM) produced a concentration-depen-
dent increase in -re; high concentrations of VX (up to 50 AM) shortened
TErC although it was still prolonged relative to control conditions. VX
(0.1 AM) produced a marginal increase in EPC peak amplitudt, but a
marked decrease was observed at concentratioes of 1-50 MM. This de-
pression of the EPC amplitude was mon pronounced with hypespolariza-
tion, so that, in contrast to control condiiuu, a nonlinear current-voltage
relationship was observed. However, no time-dependent effect was pro.
duced by VX at all concentrations used.



68 Sensitivity of nmnic and glutamatergic synapses [Ch. 4

1.5

0
0

E
I-.
z

2.07
<

00LU

-S 0.5" •!iI_
-1'40 -l100 -e0

• MEMBRANE POTENTIAL (mV)

0 20 40 60 80 100 120

DRUG CONCENTRATION (pM)

Fig. 3 - E•r . t physosripmie os the vec from the fg satmrius mucd fibets
pretreated wiý DFP. The reciprocal of to is plotted agam one•eoatradoe of
PHY. Inset is a semiloputhmic plot o( the forward rate omtaat of the blocking
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To assess the direct actions of VX on the nicotinic AChR and single
channel properties, noise analysis experiments were performed on DFP-
treated preparations. Fluctuation analysis showed that VX at 25 and 10 AM
decreased channel lifetime (•T) to about 73% and 56% of the control values,
respectively.

The effects of VX on the kinetics of channel activation were more clearly
discerned in the patch.damp studies performed on frog interosseal muscle
fibres. Single channd recordings revealed that VX markedly shortened
channel open times and induced grouping of the opening events to form
bursts. Figure 6 shom these effects when the patch pipette was filled with

/ VX (1-50 pM) and ACh (0.3 AM). The mean channel open times were
decreased from 9.1 ins (under control conditions) to 3.5 ms in the presence
of 50 AM VXL Similar to control conditions, the distribution of the channel
open times could be fitted by a single exponential function at all the
concentrations of VX tested. The analysis of the channel dosed times
showed multiple phases; one fast component with a T in the milliseconds
range, correspondiag to the short gaps within a burst (intra-burst gaps) and
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v~ -mqr

Fi. 4• Samples of ACh-'u-ivated dmW ounggim abscac, and prnmn o(
PHY. Channel cWTests wr recorded fWom iolIsd Sbes of the frog interaca
mulcad. igh-resistan (piga-oha) salb were aam 0bcdWith a pipe•-ooetain.
ing either ACh (0.3 *M) alone or in coathbni u0h &iffat•wa 0wmw ioas

(0. 1_-2 *M) of pilY.

another much slower component in the smods range. Under control
conditions, the fast phase had a T between 0.5 aso 1.0 ms. In the presence of
VX, in addition to this component, a slower am with a c of about 20 ms was
observed (Fig. 6). These effects occtured widoioatay concomitant change un
the channel conductance. No agonist efiect w detected when VX at
concentrations up to 50 jLhj was present imide Ck patdh pipette.

Previous studies (Kuba et aL., 1973, 1974) have shown that the irrever-
sible ChE inhibitor DFP at relatively hiO cocentrations was able to
interact with the AChR and induce an opm channel blockade (Fig. 7).
Lower concentractions of DFP (< 1 mM) ted little discernible effect.
The effects of DFP on the AChR, in cmot to its ChE inhibition, were
completely reversible upon washing the wne.0d , prp&faio for about
60 mia.

__ tI I I II
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Fig. 5 - Single channels activated by physestigmme. Th pmae electrode ensaised
PHY (0.5 and 5 IAM) aloe, and the recodings well obtaima fiom cel-aunacbed

patches at holding potentials of -S50 to -60 mY.
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T'

Fig. 7-Effect of DFP on the endplate currents. ScricsoiEPOCawere recorded from
frog sartorius muscles at different rmenbraase pote.vah nuder con"r conditicius,

during exposure to DPF (I mnM) wid atiu 30.mia %ashiag.

3.3 Presynaptic effects of the anti-ChE agents on the locust giutanzaterglc
neuromuscular junction

The reversible and irreversible ChE inhibitors were studied on locust
neuromuscular junctions us'ng either EMiM or FriM. Any possible interfer-
ence of the central nervous system with the nerve-muscle preparation was
eliminated by cutting nerve NS 1 mm from the mewathoacic gaiiglion. When
the locust FRIM was exposed to PIIY at a concentration ;! 40 A~M in locust
physiological solution for 15 min, repetitive episodes of spontaneous EPPs
and muscle ANs followed by silent period were recorded (Fig. 8). This
spontaneous activity was blocked by decreasing external Ca+2 concen-
tration ([Ca+'].) to 4 0.2 mM or by washing oil the anti-ChE for 60 min.

VX, DFP and tabun induced the same phenomenon of spontaneous
firing previously described for PHY. The e-ffect of the [Ca'+]. on this
phenomenon was studied in more detail. Fig. 9 shows the effect of different
[Ca2'i], on the spontaneous activity induced by DFP (0.5 mM). Sponta-
neous firing of APs and EFPN followed by silent periods were recorded after
15-mmn exposure of locust muscle to DFP using normal [Ca2J$.'(2 mM) (Fig.
9(a)). Reductiovi of (Ca + 1 to 0. 8 mM abolished the muscle- A.Ps but not
EPPs (Fig. 9(b)). A further reduction in [CallJ. to 0.1 mM blocked both
ANs and EPPs. Similar effects were observed wilt VX. A typical cyclic
pattern of bursts and silent period induced by VX (10 jaM) in the presence
of [Ca+21. (0.8 MM) and (Mg*L (10 mM) is mstrated in Figure 10.
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Fig. 8 - Physostigmine-induced spomta3es activity in locust muscle. (P) Samples
of spontaneous EPPs. (b) Combination of EPPs and muscle APs. (c) Muscle APs
recorded at -50 mV membrane potential from FINM treated with 401M PHY for IS

min.

3.4 EfrTects of tetrodotexma and choUnergic otinic and muscarinic
antagonists on the presynptic actions of the anti-ChE agents on the
locust nerve-muscle prepartions

Spontaneous APs and EPPs recorded from locust muscle treated with any of
the above-mentioned anti-ChE agents could be blocked by superfusion of
the muscle for 3-5 rain with a solution containing a given anti-ChE agent and
TTX (0.3 ;.M). This blockade was reversible, so that 60-min washing with a
TTX-free solution containing a given anti-ChE was enough to reinitiate the
spontaneous firing of EPPs.

Fulton and Usherwood (1977) reported the existence of ACh receptors
at the presynaptic region of glutamatergic synapses. Since our findings
showed that the anti-ChE agents affected the presynaptic region, causing an
increase of glutamate release, experiments were designed to test the effects
of both nicotinic and muscarinic antagonists. The results showed that
treatment of locust muscle with ;x-BGT or or-Naja toxin (10 gg ml t) did not
block the spontaneous EPPs produced by ChE inhibitors. The effect of
atropine on this phenomenon was also tested. This weU-known musearinic
antagonist produces its blocking effects at picomolar to nanomolar concen-
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Reduction of [Ca2'1. to 0.8 mM (b) abolished the muscle AN' and only EPPs and
MEPPs were recorded. Membrane potentials. (a) -60 mV and (b) -65 mV.

Fig. 10 -Spontaneous ac~ivity recorded from locust muscle in the presence of VX.
VX at 10 1AM induced sponjancous EPPs in a cyc~ic patwer of bursts with an
intermittent silent period in F~iM (mp. -35 mV). The plsysiotogic..1 solution

contained 0.8mM (Ca2'1 and '10 mM [Mg*~

trations. However, at concentrations as high as 1-10 jLM, atropine did not
suppress the presynaptic effect- of the anti-ChE agents studied. Indeed, we
have to mention that it was dificult to study the effects of atropine at
conce.:trations > 20 1LM, since it asffected the glummtaia-induccdl EPC itself.

3.5 Interaction of anti-ChE agents with the posbymalitc region of the
locust glutamatergic neuromuscular junction

The postsynaptic effects of VX, DFP and PH-Y wceacassessed in the endplatc
region of FTiM via stimulation of thc nerve NS of the locust. The plot of the
EPC amplitude vs. membrane potentials between -60 and - 130 mV was



74 Sensitivity of nicotinic and glutamatergic synapses [Ch. 4

linear under control conditions (Fig. 11.1). VX (10 MM) produced a
* depression of the peak amplitude of the EPC which was more pronounced at

hyperpolarized potentials, therefore inducing a marked nonlinearityin the
current-voltage relationship. Also VX decreased TEPC. The postsynaptic
effects of DFP and PHY were also studied on the locust glutama:e synapses.
Similar effects were observed with DFP (1 mM), which produced a signifi-
cant voltage-dependent depression of the peak current amplitude and

* shortening of the EPC decay (Fig. 11.2). On the other hand, PHY (0.)--1
mM) caused a significant depression of the EPC peak amplitude, but did not
significantly change TErC (Fig. 12). The effects of VX, DFP and PHY on the
EPCs were reversible.

The effects of VX on the glutamate-activated single channel currents
were determined from noise analysis experiments performed in the locust

* neuromuscular preparation. Monosodium L-glutamate (100-150 AM) was
applied into the bath medium in the absence and in the presence of VX (10
MM). VX, at holding potential of -47 mV, decreased channel lifetime from
1.7 to 1.2 ms (Fig. 13).

* 4. DISCUSSION

The present study demonstrated that the ChE inhibitors PHY, DFP and VX
have direct effects on the nicotinic AChR, probably by interacting with the
ACh receptor site and/or with site(s) located at the associated ionic channel.
Such effects have been suggested previously, for various anti-ChE agents,
by several investigators (Kordag, 1972; Kuba et al., 1973, 1974; Pascuzzo et

* al., 1984; Akaike etal., 1984; Shaw et al., 1985; Fiekers, 1985). Our studies
based on voltage-clamped EPC-, single channel recordings and noise
spectral analysis have revealed that the actions of the carbamate and
organophosphate ChE inhibitors on the AChR are manifested in several
ways which include enhancement of receptor desensitization, open channel
blockade, and in some cases, agonistic activity. The electrophysiological

* findings have been corroborated in biochemical studies (Sherby etal., 1985)
which demonstrated that the carbamates PHY, pyridostigmine and neostig-
mine act as agonists as well as noncompetitive blockers. PHY, pyridostig-
mine and neostigmine induced potentiation of AChR desensitization, most
likely due to their agonist action (Shaw et al., 1984a, b; Sherby e al., 1985;
Akaike etal., 1984). The multiple effects of these agents are differentially

* revealed based on the techniques used.
On EPCs, most of these anti-ChE agents showed two. effects: at low

concentrations an increase in EPC amplitude and prolongation of FC
which are indicative of anti-ChE effect, and at higher concentrations a
decrease in amplitude and TEPC (from the altered levels back toward control
values or even to lower values), suggestive of open channel blockade. For

0 example, the agent VX (present results) as well as pyridostigmine (Pascuzzo
et al., 1984) produced a small decrease in 1t pc. Studies using neostigmine on
EPCs disclosed that these agents can reduce the amplitude and produce
some changes in the decay time constant only at concentrations as high as

0
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100-1000 EfM (Rao et al.. 19(4). On the other hand, PHY and its quateenary
analog, MetPHY, caused a sig()ant 2 aft at10d of (@). in effect which

could mostly be explained by a modified sequential model (Adler et al.,
1978) for open channel blockade as follows:

(v) )
k, A1  D k'

,ACh + R ACh.R • ACh.R* ACh,,RD
• (V),' (v)

In this model R is the recep•" which interacts with n molecules of the
transmitter ACh to form an agawist-bovad but nonconducting species,
ACh.R. These specics undergo a :otorumational change to a conductive
state ACh.R. ACh.R*D is the species blocked by the drug D and is

* assumed to have no conductance; k3 and k- 3 are the forward and backward
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rate constants for the blocking reactions, respectively, and V indicates the
steps which are voltage-sensitive. The opposite voltage dependence of the

* rate constant k_ 2 and k3 results in an apparent loss in the voltage sensitivity

of -CEPC with increasing concentrations ofthe blocking ageit. This model has
been used to describe the action of other local aesmthetits such as QX-222
(Ruff, 1977; Neher, 1983) and bupivacaine (Ikeda et aL, 1984; Aracava et
al., 1984) as well as ce.tain antidboinergic agents such as atropir.e and
scopolamine (Adler et al., 1978). Consistent with this model, a linear

* relationship between the reciprocal of tz~ and blocker concentration and
the decrease in the voltage sensitivity of ,tn wereobserved, thus suggesting
an open channel blockade. The double exponential decays observed in the
presence of high c",icentration of PHY Ps well as MetPHY at positive
potentials could not be fully explained by this model. Multiple effects Of
these agents on the nicotinic neuromuscular AChR revealed in the single

* channel recok dings could in part aounat for the difficulties in describing all
the data in terms of a simple sequential model for open channel blockade.

The agonist activity and the more subtle characteristics of the channel
currents activated by a given anti-OaE agent can be more clearly studied
using the patch-clamp technique. PHY, pyridostigmine, neostigmine, edro-
phonium and the organophosphate soinan all act as weak agonists (Shaw et

Sal., 1984b; Akaike et al., 1984; Albuquerque et al., 1984). Since the
pretreatment with a-BGT blocked the activation of these channels, it is
possible that these agents interc with the ACh recognition site. The

channels opened by some of these agents are evident even at very low
concentrations (e.g. 0.5 AM PHY). la cooast to thesquare shape typical of
ACh-activated channel currents, PHY-activated channels wer'e character-
ized by a considerable amount of current noise during the open state.
Channel conductance was similar tothat of ACh-activated channels (about
-30 pS) at low concentrations of PHY and decreased to -1I pS at
concentrations higher than 50 J.M. Pyridostigmizie, however, induced low-
frequency channel openings with redced conadcaune (about -- 10-12 pS)
(Akaike et al., 1984).

Single channel current recordings obtained with ACh in the presence of
PHY inside the micropipette showed tham the channel currents all tend to
take on th," noisier appearance typical of the channels activated by the anti-
ChE agents alone. Even very low conceutrataioa of PHY (100 nM) pro-
duced these altered currents. PHY ceauly decreased the mean channel open
times, which was not well seen uick other casbamaws. However, the
shortening of the open time produced byPHY didnot follow the predictions
of the sequential model presented earlier. The plot of the r:ciprocal of the
channel open time vs. PHY concertima showed a departure from the

linearity toward a saturation which uns complete at concentrations higher
than 200 AM. This finding suggested ihee istec of processes other than an
open channel blockade, which is ensistent with the biochemical studies
(Sherby et al., i985). Another iestiuag obsetwatios is that PHY at
concentrations above _V0 MM was aide to block completely the endplate
current evoked by nerve stimilaties, but :in& chanmsi currents could be

0//
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recorded in relatively high frequency at concentrations of PHY as high as
600 AM. Similarly to PHY, it has been reported that ACh at high concen-
trations induces irregular and noisier currents during the open state coupled
with lower conductance, events which could be due to an open channel

S* blockade (Sine & Steinbach, 1984). However, it is possible that many of the
channels observed in the presence of ACh plus these agents are activated by
the carbamate itself. This hypothesis is further supported by the fact that
Phy was able to activate channels at very low concentrations of 0.1 'UM.

The quaternary carbamate pyridostigmine, although similar to PHY, has
quite different effects on the ACh-activated single channel currents. In

*I myoballs or in muscles, pyridosti~mine in combination with acetylcholine
induced the appearance of channels with marked flickering without chang-
ing the mean open time (Akaike et al., 1984). The frequency of these
channel openings changed as a function of time of exposure to both drugs.
Over a period of 10 min the opening frequency was gradually decreased and
a 10 pS event which waz rarmly obseived under control conditions (Hamill &

* Sakmann, 1981; Akaike e. al., 1984) became predominant. Higher concen-
trationsL of pyridostigmine (200,uM) produced a biphasic effect on channel
activation; initially there was an increase in channel openings and irregular
waves of bursting activity, which was followed by a marked decrease in the
channel activation. These effects were very similar to those seen with
pyridcstigmine alone and this may be indicative of a desensitized state of the

* nicotinic AChR (Sakmann ei al., 1980; Albuquerque et al., 1984., 1985)
induced by pyridostigmine as well as other ChE inhibitors. These findings
are similar to those observed with neostigmine by Fiekers (1985).

The organophosphate VX produced very distinct alterations of single
channel currents. Although patch-clamp recordings did not reveal an
agonistic property of VX on the AChR, as was seen with another organo-

*J phospate anti-ChE agent, soman, on frog muscle fibers (Albuquerque etal.,
1984), VX (5-50 j.M) induced a marked concentration-dependent shorten-
ing of the channel open times with the short events tending to appear in
groups (bursts). As the frequency of channel opening decreased with
increasing concentrations of the drug, these burs4 became more noticeable
(Fig. 6). According to the sequential model described earlier, the rate
constant for the unblocking reaction (k- 3) should be appreciable, so that
during one burst (presumably during this interval the agonist remains
bound) the channel can be observed to pass many times from the drug-
bound, blocked state to the conducting state. As a result one would expect to
see EPCs with double exponential decays,( Neher, 1983; Ruff, 1977).
However, perhaps due to the agent's powerful anti-ChE effect at the
endplate region, double exponential decay was observed only at high
concentration of VX (>100 IdA). The iack of C(hE in the isolated frog
muscle fiber make this preparation a very suitable biological model for
studying the direct effect of the ChE inhibitors on the AChR.

On the locust glutamatergic synapses, PHY, DFP and VX all induced an
increase in transmitter release as evidenced by the generation of sponta-

P , neous EPPs and MEPPs. At normal (Cal + (2 mM), the increased transmit-
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ter release would result in EPPs large tnough to trigger APs. McCann and
Reece (1967) also recorded spontaneous muscle APs by injecting PHY (1
mM) into the -fly abdomen. However, from their data it was difficult to
discriminate whether the events observed resulted from central or peri-
pheral action, since the ganglia were maintained intact. It should be
mentioned that in all the preperations used in the present study, the
metathoracic ganglion which supplies the serves to these muscles was
removed to eliminate any central cholinergic component. Therefure, all the

.'fects registered in the presence of these agents might have resulted from
their action on the nerve-mnuscle junction.

The spontaneous activity induced by these agents could possibly aris:
from the activatien of nicotinic and/or muscain:c receptors at the presynap-
tic nerve terminal (Fulton and Usherwood, 1977). However, neither nicoti-
nic (c-BGT, ,--Naja toxin ,and d-tubocumare) nor muscarinic (atropine)
antagonists, at much higher than blocking concentrations could abolish
these spontaneous events. In addition, supesfusion of cholinergic agonist,
i.e. ACh (5-10 mM), did not initiate any spontaneous activity, thus
suggesting that cholinergic receptors are noa involved. The second possibi-
lity is that these anti-ChE agents may increase Ca2' influx into the nerve
terminal and thereby activate the transmitter release process. Our experi-
ments with low (Ca2+ ] (Fig. 9) suggest that the presynaptic action of these
ChE inhibitors is dependent on an increase in Ca2÷ influx could result not
from a direct but from an indirect action of the anti-ChE agents thwough an
interference with Na 4 permeability at the nerve terminal. The fact that the
anti-ChE-induced spontaneous activity was reversibly blocked by TTX
strongly supports the above hypothesis. Therefore, at the peripheral gluta-
matergic synapses of the locust, these agents. may increase transmitter
release by influencing Na' conductance. A similar increase in transmitter
release has been observed in the mammatiam acurmuscular transmission,
particularly with irreversible ChE inhibitoas (Laskowsky & Dettbarn, 1975;
Deshpande, ldriss and Albuquerque, unpubisbed results).

In addition, these agents had a postsynaptic effect. While tabun, another
organophosphate anti-ChE agent, was devoid of any postsynaptic effect
(Idriss & Albuquerque, 1985a), both VX adDFPproduceda shorteningof
the EPC decays as well as a decrease in the peak EPC ampfitude, which
indicated an effect on the ionic channel amacated with the glutamate
receptors. Recent studies of ldriss and Albuquerque (1985b) showed that
drugs which interact with the AChR complex ie. phencyclidine, chlorison-
damine, philanthotoxin and atropine, shorteed the -tum of the glutamate
receptor on the locust neuromuscular juactima. These findings suggested
certain similarities between the subunits aampiuing the ionac channels of
these two species of receptors.

In conclusion, the present study diued that both reversible and
irreversible anti-ChE agents, in addition to ihe enzyme inhibitory prop.
erty, have definite actions on the nicotiic AChR, i.e. blocking the open
ionic channel, enhancing desensitization mndaaung asaganists. Patch-damp
studies clearly demonstrated the agonist acridvy of some of these anti-ChiE

...- i
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agents. We also showed "hat there is no bindiig site for PHY at the
intracellular portion of the AChR since this agent Od not produce any effect
when applied to the cytoplasmic side under inside-out patch configuration.
In addition, since similar effects were observed with the quaternary analog
MctPHY, most likely the chargc6 form of these agents piay the important
role in the interactions with the AChR (Shaw et at., 1984b). Finally, the
studies performed on the locust nerve-muscle preparations disclosed
important presynaptic effects of these drugs which promoted increase in
glutamate release via increase in the Na÷ permeability at the nerve terminal.
The postsynaptic blocking effects observed on the locust synapses raise a
"question about the similarity between the nicotinic and glutamatergic
:eceptor-ionic channel macromolecuies.
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k3STRACT
'te effects of SAD-128 [1,1 '-oxybis(methylene) bis 4-{I 1-di- tion of the drug. SAD- 128 weakly inhbited acetylcholinesterase
riethylethyl) pyridinium dichloride), a nonoxime bispyridinium in frog sartorius muscle. At the single-channel current level, SAD-
:ompound, were investigated on the nicotinic acetylcholine re- 128 reduced the mean chanel open time and produced a
!eptor-lon channels of frog muscle fibers using end-plate current blocked state evidenced as an additional phase in the closed
EPC) and single channel current measurement techniques. SAD- time distribution. The agent kxduced a briphasic burst time distri-
28 decreased the EPC peak amplitude in a concentration- bution whose fast compcmeng became faster and slow compo-
lependent manner and caused nonlinearity in the current-voltage nent slower with increasing concentration and hyperpolarization.
ilots. The time constant of EPC decay was prolonged by SAD- The present study provides mom details regarding the kinetics
28 (10-200 pM) at potentials between +50 and -90 mV without of the nicotinic acetylcholiniereceptor ion channell-blocking mech-
)ss of the single exponential decay. However. at -100 mV and anisms and a correlation bet-weon s~irwe-channel currents and
ielow, biphasic decays of the EPCs were observed in the macroscopic events. The ebilty of SAD-1 28 to block the nicotinic
iresence of the drug. The time constant of the fast phase of the acetylcholine receptor maty tmdetfie its efficacy in counteracting
*?C' docay decreased, whereas that of the slow phase in- lethal effect of organophosihorus compounds.
:reased, with either hyperpolarization or increasing concentra-

It is well established that OPs produce potentiation and (Taylor, 1985) at, various sites including the neuromuscular
;ubsequent blockade of neuromuscular transmission (see review junction. On the other hand. the bispyridinium drug SAD-128,
)y Karczmnr, 1967). These effects have been attributed to which lacks -the oxime moiety in its structure, has been shown
rreversible phosphorylation of the AChE enzyme. Accordingly, to po)ssess antidotal effects against somnaui poisoning (Oldiges
-eactivators f AChE have been developed as asitidotal ngentq. and Schoene, 1970; Oldiges 1976; Clement, 1981). In addition

k~ therapeutic regimen of AChE reactivator plus the anticholin- to the classical reactivation mechanism, several other pathways
.rgic drug atropine provides for restoration of neuromuscular have been proposed to explain the therapeutic effects cf pyri-
.ransmiEsion (Hobbiger, 1963, 1976). The reactivatiniz agent. is cliniuin compounds. B~lockade of muscarirzic receptors, by both
)ften a pyridinium compound containing an oxime moiety; this competitive and allostutic actions (KuhnittriClausen, 1972;
;ype of compound has been found to be useful as an antidote Kloog and Sokolovsky, 1985), and of AChRs (Clement, 1981;
or OP poisoning in experimental animals in which neuromus- Broomfield, 1981; Su et aL, 198W; Caratsch and Waser, 1984)
~ular transmission was reinstated after paralysis by ONs (Smith are some of the nonenzym~e-related anticholinergic effects

tad uir 197; Wlthis e ci, 191).Theoxim moety which could be favorable to their antidotal action. Recent
,resumably exerts a nucleophilic attack on the phosphorus studies from our laboratoryrevealed an ACJIR channel-bok

* itom of the phosphorylated AChE, thereby releasing the free ing activity for two of the oxianes, namely 2-PAM and HI-6
-nyefor maintaining the normal physiological function Ikondon et aL, 1988). The close similarity in structure between

naymeSAD-128 I1,1'-oxybis (methylene) bin 4-(1,1-dimethylethyl)

t~eoeivedI (or publiication .Iantu" 7,19" pyridiniumn dichioridel and HI-6 [(1-(2-hydroxyimino.
'This work was sulmnied by United States Army Ni~ia Itr6 "W iethyl -1 I- yridino) .3- (4-carhamooylt-I-pyridino) -2- oxarpopane)j

>Dvivopneieu Commanad Comctact DAt4I17-586-C8 19ii. justifies the undertaking of tliis study, as this former is more

048BREVIATIONS: OP. organophosphorus compound: AChE. acetylcholinesterase: AChR.~ nicotinic acetiWms receptor; EPC. end-plate current,,
r. decay time constarnt: HEPES. 4.12-l'ydroxyethy+)1 -p/perazineettianesullonic acid, ACh. acetyictiolne.
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likely to have nonreactivation mechanisms because of tile ab- (196 1) was used. TIhe sartorius inuscles from frog were removed care-
sence of an oxime moiety in its structure. full 'vandhonuaogenizmedin0. 1 M sodium phosphate buffer (pi I8.o).'l'he

Another aspect of ýýhis study is related to an understanding en.In aciiywsdtr.c ymnioigteratncni
of the molecular eventb that govern the time course of EP~s at onsI:- for 12 ini after mixing tile muscle hotmogeniate with color
the nicotinic synapse. Magleby and Stevens (1972) denin- remIgenL% and thle substratc acetylthiocholine in a cuvt'tte. T1his proce-

straed tat he rndo cloingof idiviualion hanels f 'ure. Was repeated in Lthe absenice and in the presence of different
stratd tha the ando closng ofindivdualion cannel 01 of thle drug.

the AChR is responsible for the single exponential decay of Single-c1hatinel recordings. Patch clamp studies were performed
EPCs under control conditions. Using EPC data, a number of at lWC (9.8-10.2C) on single Fibers isolated from interosseal aInd
kinetic models have been proposed to explain Lthe mechanisnit uminbricalis, muscles of thle hind-leg toe- of thle froll Rana pipiens. T[he
of agonist- receptor interaction in the absence and presence of procedure for obtaining single fibers was described previously (Allen et
a variety of ioncompetitive blockers of the AChR (Anderson al-, 108A). Biriefly stated, Lthe dissected muscles were treated with

S and Stevens, 1975: K(atz and Miledi, 1973; Adanms, 1977;, luff, collagenase (I mng/mI) for 150 to 180 min and then with protense (0.2
1977; Adler et al., 1978; Shaw et al., 1985). flowevcr. .t is now mtg/nid) for I ' to 15 mint at room temnperature (22-23'C). Thle isolated

well accepted that single-channel current measurements- offer fibsers were kept in a dish containing frog F~nger's solution with 0.2 to
0.4 nig/mI of bovine serum albumnin I,~ s.tored at 2-5*C before exper-more kinetic details oi the current flow through the ion chan- .,,enLa Anahsvimitr t'apsdfpralm;0)anlprfi

nels (Neher and Sakmann, 1976; Colquhoun and Sakmnann, oil] (701.') was used to inimobifize timessingle muscle fibers on the bottom
1985). One typical feature observed in single-channel records of the miniature recording chamber. Cemposition of the physiological
is the appearance of "bursts" of openings in the presence of ion solution tor Lthe single muscle fibers during thie recording was (mildli-
channel -blocking agents such as QX-222 (Netter and Steinbach, mimmuar): NuCI, 115; NC!. '2.5; CaCly. 1.8; and 1IIEPES, 3.0. The phII of
1978), benzocaine (Ogden et al., 1981) and others. The burst- Us'- ,,iution was adjusted to 7.2. All tile above solutions contained U.3
like appearance was interpreted as the single-channel equiva- P5 M tetrodutoxin, which was added to prevent contractionof the muscle
lent of a double exponential relaxation of the El'Cs (Colquhioun, I tbrs.
and Hawkes, 1983), and the clcaings and openings inside the Single-channiel recordings were made using the tpatch-clamip tech-
bursts were considered to represent the blocking and unblock- " qume developed by llamill el at, (1981). The micropipettes were pulled

ing of the ion channel by the drug (Neher and Steinbach, 1978). in two stiges from borosilicate capillary glass (World P'recision lnsqtru-
mel-ts 'n. e ~vn T) using a vertical electrode poller (Nani-

Even though several agents have been reported to mimic thle siecejfc11luletoyJpnadtetp ffl iet
actions of QX-222, most of the single-channel.studies were not were heat-pialished using a microforge (also from Narishige). Thle inner
aimed at comparing the rate constants for blocking and un- diameter of 3)ilette tips ranged between 1 to 2 pin and thle pipettes hand
blocking of the channels with the waveform of the EPCs. Also, a resistance between 2 to 5 mnegohims in HIEMS soilution. Tile patch
many of the channel -blocking agents show eit her a very fast pipettes were filled with ll1l'ES-bulfered solution containing either
[(-)-physostigmitie (Shaw et al., 19851, 2-PAM (Alkondon et ACh alone or ACm tplus thle drug. All pipectte solutio~a; were filtered
al., 1988) or a very slow dissociation rate [(-)-physostigmiine (lmrmmimghtm sillitmoreC filter-ý V,.2 smu.Cell-a~ttached gigobmol Seals Were
(Albuquerque et al., 1988bl, VX (Rao et al., 1987), which is ttot oraiedu atLte perijunctiorial region of .-ingle fibe-rs usiing the technique
favorable fo'- making comparative kinetic studio!s as mnittioned described by Ha~mill eta). (11981). Ani LM-SPlC-7-l'atch Clamp systemn

(List Electronic. Darnmaadnt, West Germnany) was used to record tile
abov. Th recnt sudy how tha SAD128 s a ompond Ingle-chammoel currents. 'T'he data were filtered at 3 kHr, digit~ized Atthat can provide useful information regarding the kinetics of 12.5 klfr. and analysed uaxing IBIM ATl microcomputers.

AChR ion channel interaction with blocking agent-., including D~atas analysis. The program lPRtOC-2 was used for stingle-chaninel
some quantitative guidelines for predicting the appearance of current, analysis. A channel opening was detected when thle current
the 'i'!,roscopic events, given rate constants obtained front reached 50' of Lthe single-channel amplitude, -and closure when thle
single -channel studies. current returned to thle 50%, level. To hellp eliminate noisie points from

anallysis, it was stipulated further thut the manlw amplitude during a
hurs'. most be at least 801% of the single-channel amplitude to be

Materials and Methods conisidered a valid event. L~ow concentrations of ACh (0.1-0.2,UM) were

used in the pipette throughout this study ins order to reduce the
EPC studies. Experiments were conducted at room temperature frequency of channel openings, which enabled us to make a more

(20-21*C) on the umartorius muscle from Rana pipiens. ,lie physiologicail critical evaluation of the channel kinetics. The value for the "burst
solution bad Lthe following composition (millimnolsr): NaCI, I116; Nd,. terminator,' or the threshold level sallid to discriminate tInetween intra-
2.0; CaCI5, 1.8; NnHPO., 1.3; Nal-,PO0,, 0.7; and was bubbled with andi imiterisursit closed times, was determined roughly by viewing the
pure oxygen. Sciatic nerve-sartorius muscle preparations Were treated records on a storag~e oscilloscope and looking for the loogest gap) that
with 400 to 1300 niM glycerol to disrupt excitatiun-commaractiort coupling. appears to belong within a burst. '[his parameter was verified ait thle
EP~s were recorded using conventional two-microelectrode voltage- end of the ainalysi~r by fitting the closed time intervals. If the estimated
clamp technique using an Axoeclsmp-2A voltage clamp (Axon Instru- lnirst termmainor was greater, at least 7 timmes thle mean lit iit~raursmt,
nmernta, Inc.. Blurlingarne, CA) andi were sampled a~d Analyzed by a closed interval, then tile analysis was conisidered valid. ht, must raise-a,
15D1 11/40 minmicomputer (Digital Equipment Corp,, Maynard, MA). thle initial estimtate was correct, otherisie thle datia were reanalyl.041.
Thle peak ainylitudes of EPCs were obtained directly froin thle sligit ired 'T'he conulmictnance of thle single chaninels; was calcuslated from the plots
data. The EPC decay time constants (rpc,) were dleternmined by fitting of Lthe pipette potential us. amplitude of the currents. The single-
the decay phase either to a single exponential function (linear regres- channel current amplitude was obtainedl by fitting thle sampled laoints
sion of the logiarithins of the data points from 84t to 20%) or tos a (if thlevalidceventstoa single Gaussian distributioun auud alscunfirtued

*multiexponential function (using nonlinear regressioni mnethod). Dluring by sampl~intg so-ne long open events in each group. Th'le mnean open
EPC experiments, after taking the control recordings, the drug was tamses, closied times and burst, timers were derived froml the best fit of
applied for 30 rnin and, during the ensucing 30 miiii, recordings were the data points by nmshisaear-regresmaion miethod using approtriate bin
madsfrp sev~eral fibiers; then the next higher concentration to be widthas.1'lie mean total opien timse was calculated Ivy miultiplying thle fit
tesited was applied, mean ompen timse ly,' tile mean number of events per burst. Inasmuch as

For determination of AChE activity. Ellmnst's coloritnetric mecthod there was ossly a sinigle bslocked state (i.e., single exponential dialtribit-
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tion of the intraburst closed intervals) observed in this study in the outwardl currents. Upon increasing the concentration to 100
presenceofSAD-128at all the holding potentials tested, it was assumed M, a clear nonlinearity was seen in the current-voltage (I-V)
that there was no underestimation of the burst duration or the total plots. The outward currents were also depressed by this con-
number of events per burst. When the burst terminator was increased, centration ofSAD-ITS. At the 0.33 Hz rate of nerve stimulation
there was an error introduced hy overlapping of the distribution of used in these exresiments, nc hysteresis loop was observed.
blocked intervals with the distribution of intervals repre!;enting cither
resting or doubly-liganded but closed state of AChR or other more lhe amplitude recorered to about 80% of the control level and
stable blocked states of the receptor-channel complex. Recording at an regained the linearity after repeated washing of the muscles for

extremely low frequency reduces this error. Although the frequency if I hr with normal Ringer's solution.
channels was kept at a low level, this could have been a source of error The decay phase of the EPCs was also altered by SAD-128
in the values of burst duration, the number of events per burst ond in a concentration- and voltage-depei.dent manner (fig. 2; table
also the total open time per burst in the SAD-128 groups. An attempt 1). Under control conditions, the EPCs decayed according to a
was made to find the level of overesti.aation by examining the cont roi single exponential fuaction at the voltage range studied, and
data using different values for the burst terminator. As the burst T,., was related linearly to the holding potential between +50
terminator was increased, the frequency of bursts decreased (due to
overlapping of two bursts); however, with the maximum burst termi-
nator used in this study, the amount of overestimation did not exceed A
10% of the reported values, and no correction for this error was made. 0

SAD-128 dichloride (i.ý'-oxybis(methylene)bis 4.(l.l-dimethyle- V 130 mV 0 Control

thyl)pyridinium dichloride) ,as kindly provided by the U.S. Army u 18M

Medical Research Institute -1 Chemical Defense. . 0 100 'UM
v 200 )uM

Results,6 60 V40,7

Effect of SAD-128 on EPCs V
940~

Figure t illustrates the relationship between the holding V
potential and the peak EPC amplitude under control conditions l'

and in the presence of different concentratiuns of SAD-129. )0

Under control conditions at potentials between -150 and +50
mV, the peak amplitudes of EPCs were linearly related to the 0

holding potential. At 10 ,M SAD-128, there was a slight depres- 0 5 10 15 20
sion of the inward currents without any modification of the Time (msec)

SAD- 128 0.6

",J 20
4 1 0 Control

0.4 . o A.A.A 10AM
U .4o a. V., 0 t JI•M

C12 - - C -N)A 0 Wash

0.2 i

Holding Potential (myV) ag - 0 00C
-160 -120 -80 -40 A 6 L

+40 +80 0 1 •TTTT T• m• a 8 I

T T r I? w-0.2 0.5tO -- 2
-160 -80 -40 0 +40

ODT 0 Contro Holdin~g Potentiol (mY)

T Fig. 2. A. effect of calerent coancentrations of SAD-128 on EPC decays
T 0 C tl 0 recorded at a holdingpoterial of -130 mV. In the absence of the drug.

T 0 Cnr the EPC decayed 'aEh a single expomrietial function (r 2.43 msec). 12.Hwvr t20p.ol reoiatSo hs a vdn2/22A A 10 JU/M whereas the decay was biplia.ic, at 10.,,M (r•,. - 1.02 msec: 7,,.- ==

wa1 .x 5.02 msec) and 100 pM (Y,,. - 0.71 msec: r.,_ - 10.71 msecl of SAD-
A . rL 1 100 ULM -0. 6 o•128. However. at 2130 ,•M. only a predominant slow phase wa's evident

L(r,, 11.31 msec). Thedecaypoints in each group were obtained from

O f , 0 Wash 0 a single EPC trace. and all groups were obtained from the same muscle
. preparation. The sof, d ies represent the best fit lines derived by the

-0.8 nonlinear reqressio method. B, effect of SAD-128 on the time constant
a! the EPC decays. Single exponential EPC detays were observed for 4

Fig. 1. Effer.t of SAD-128 (structure shown in the inset) on the EPC peak the centrol (0) and wash phase (O) at holding potentials between -150
amplitude. EPCs were recorded from the junctional region of surface and +50 mV. For drug treatment, single ..xponential decays were seen
fibers of glycerol-treated frog sarlorius muscle. Relationship between at potentials between -90 axn +50 mV (4 and 0), and bUexponential
EPC peak amplitude and holding potential for control. 10 and 100 ,M of decays with fast (4. I) and slow (& 03) componhints wore found at
SAD-128 and a subsequent 1 hr wash are shown. Each symbol repre. potentials between -150 and -100 mV. Symbols represent means
sents the mean ± S.E from 6 to 20 fibers from five or more muscles. S.E obtained from 6 to 20 fibers from five or more muscles.

• Il III I I I IIII IIIII L4
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TABLE 1 on AChE activity of homogenates of frog sartorius muscles. It
Ef~ect of voltage ond concentration of SAD-128 on the fast and was ob:served that SAD-123 up to 25 aM caused < 5%o0 inhibi-
s ow phases of EPC decay Lion, whereas concentrations of 50, 100 and 200 aM produced
The vahues are means ±S.E. obtained from five or more muscle preparations. EPC
dicays have been fifted to the equation for a double exponential fuic!on: I(t - 16, 18 and 22% inhibition of the enzyme, respectively. Increas-SI,.,,,exp-t/,,) + l.exp(-t/r,). 1(t) is the curremt t numlsecon• alter trh EPC ing the concentration to 1 tM, elicited about 42% inhibition
peak.andI..and I- aretnepercent oftheetotal currentdecayingattherespec-te of the enzyme indicating that SAD-128 is a weak inhibitor of
rate. AChE. Similar to the peak amplitude, the r:.-, returned to

SAo.-28 HetW Fasthse WPhtase values close to control after repeated washing of the muscles
Ct'entatim nt Powett• • , for I hr with norital Ringer's solution.

JJ mV' meecm•c10 -110 1M 3 5 6 3 3 5 6 Effect of SAD-128 on Single-Channel Currents10 -110 1.42-t-0.13 52 t6 3.95-*0.33 51_±-6
*-130 1.48 = 0.12 58 ± 3 6.32 ± 0.60 45 ± 3 Frequency of channel activation and single-channel

-150 1.29 ± 0.10 66 ± 3 11.30 ± 2.26 39 ± 3 conductantce. The channel openings induced by low concen-
100 -110 1.05 ± 0.22 22 ± 3 5.72 ± 0.32 76 ± 3 trat ions of ACh alone in the patch pipette appear usually as

-130 0.82 ± 0.13 27 ± 3 8.46 ± 0.75 70 ± 4 single, square-wave-like pulses, clearly separated from each
-150 0.49 ± 0.08 44 ± 10 12.04 ± 1.09 63 ± 5 other by long silent periods ranging from hundreds of millise-

conds to several seconds. The frequency of occurrence of bursts
(bursts are defined either as a single open event or a group of

to -150 mV. A clear transition in the decay phase of the EPCs, open events separated from a similar group of events by any
i.e., from a single to a double exponential decay .vith change in closed interval _. the burst terminator) under control conditions
voltage, or from a double to a single exponential decay with (ACh., 0.1 or 0.2 ,AM) and in the presence of an admixture of
change in concentraticn of the drug was evident. At the holding SAD-128 and ACh is shown in table 2. There is no clear
potential of -100 rn-, 50 to 60% of the endplates showed relationship between the concentration of SAD-128 used and
biphasic EPC decays in the presence of 10 and 100 AM SAD. the frequency of burst occurrence in different patches. On
128. At -110 mV, more than 90% of the endplates showed such average, a burst of openings occurred every 0.81 sec in the 0.2
double-exponential decays, whereas at potentials more negative AM ACh group. Typical bursts of channel openings activated
than this, all the endplates in the presence of 1i) aM SAD-128 by 0.2 ,M ACh alone and in the presence of 10 AM SAD-128
exhibited two phases of decay. on the other hand, with 100juAM are shown on a continuous time scale in figure 3. In most of
of the drug, although 80% of the endplates showed both fast these patches, no multiple conductance levels of channel activ-
and slow decay components, 2Ci5 of the cases showed only the ity were seen. llowever, in about 20% of the patches studied,

* slow component. Increasing the concentration to 200 jAM pro- such multiple conductance events were found to occur, but
duced only the slow component in the EI'C decays. A typical constituled less than 2% of the total number of bursts, and
picture of the transition of the EPC decay from a single (under were excluded from the analysis of open and burst durations.
control condition) to a double (I0 and 100 AiM SAD-128) and SAD)-128, up to a concentration of 40 JAM, failed to affect the
then to a single slow phase (200 ,M SAD-128) is illustrated in siagle-channel conductance of ACh-activated single-chanuel
figure 2A. The fast and slow components of the EPC decays currents, the values under control conditions (ACh, 0.2 AM in
were analyzed further for their sensitivity to voltage and con- the patch pipette) being 30 ± 0.5 pS (rt = 10) and 28 ± 0.9 pS

Scentration of the drug, and the results are shown ;n figure 21B (nt = 3) in the presence of the drug (SAD-128, 40 AM and ACh,
and table 1. The r,., decreased, whereas the r., increased 0.2 YM).
when the polarity oi the membrane was changed from -100 to Effect of SAD-128 on channel open time. Addition of
-150 mV or when the SAD-128 concentration was increased SAD-128 to ACh in the patch pipette produced channel acti-
from 10 to 100 AM. On the other hand, the relnitive amplitude vation which looked different from that caused by ACh alone.
of the fast component of decay increased with hyperpolariza- Fiigure .1 illusl rates the effects of concentrations of SAD- 128

Stion, whereas it decreased with a change of conccntration front ranging from 5 to 40 P.M. Burst,; of channel openings composed
10 to 100 AM. In other words, the slow phase dominated the of many small-duratiun openings were apparent, the duration
EPC decay at 100 AM SAD.128 anid at 200 AIM only the slow of these events decreasing as the concentration of the drug was
phase was evident.

At holding potentials m. 2 positive than -100 mV, an at- TABLE 2
tempt to fit the EIIC decay to a double cxpon;-ntial function Frequency of channel activation and the imposed burs.t terminator
failed. However, fitting these points to a sinple exponential during patch analysis under contol (ACh) and in the presence of

* function yielded values of T:.1t which were higher than in SA0-128
control at 10 and 100 AM SAD-128. One reason for such an Dtiws
increrse in the r•:,,c values could be z; blendinlg ot fast anid slow pa0c1 RN'te S Ch.-vk s ts n er sis I'wat
phases leading to enhanced r:.,: values, approximately a 3-fhdl {itAv-} t eS E t,=e9,
difference in r values is usually necessary for resolution of the W 123 ,wh
two phases. The nonparallel increase in r fromn the control at P, MeI met

* potential range between -80 and -40 tnV also supports this 0 + 0.1 3-0-5.6 064 ± 0.15 (0.11-2.40) 2
hypothesis. For example, the ratio of the TH.. of the I(X0 .M 0 + 02 23-58 1674 6± 023 (0.11-3.22) 21 + 0.1I 2.8-4 6 0 63 ± 0.09 (0 23-0).831 4-45
group to the control group was found to be 2.42, 2.04 and 1.95 5 + 02 2.6-5.4 0.99 ± 0.20 (0.18-2.23) 4-70
at -80, -60, and -40 niV holding Im)tentitai, respectively. 10+ 02 2.4-4.4 1.01 0134 (0.10-2.48) 5-60
Another imssibiP•y, that SAD-128 could increase the r?.,. by 20 #- 02 23-44 0.03 t 0.33 (0 29-2.30) 5-50
virtue of an antiAChltE action, wao tested by studying its effect 40 + 02 2.3-4.0 1.59 t 0. 5S (1.19-2.20) 8-32

0
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tof chisdru.Dtaonshw (0.2 fCil thred paete 3 oio) twozp.

where easidelnea reainhpbten the closd tme istibtionsavr hr
wit-12 am ndo. toe0.e5iproca (5 toe mean ofpl oed in te rvni

Fig 3.Samlesof ~h 0.2pM)actvafd cannl crrets ecodedin endra tinons etwith a mand 20 uMe (aftar nhit hown).
a igl hr slae ro ro trosalmsleiPteasecIadi them prisneart ofbserveda.or lckr er nrou

the~~~ffc profc ofD 20 onM chafe closed8 Inme eachr cr.th rcig r
coninuus nd iicte he ow reueny o chnte acivaion D ta o ncwphaose o(0.ose times whic he riepreseltints the chnt

wpe~reevdeand oinathecoed thme distributions of ther cloredti
increaed. Th briefopenins wereseparaed fro ehc ate Figur 7 l'usat toe1 distribution10 of all teclosed intervi

by sholebrt isilent pros(ued trmfo ne osa mue thiurtono the (becead ip toe presenc ofhee from28 as minre patchr wrecitordingei
blhed prstnte of the channel),S in ach rage u of e mil racnds, tha peref 0~ A-2 ad02,N n h ac i
forminuou an inglae hrt. he low strgramnc of opnien ciain Dame tan soetow phae iofclosedticlosed winteprvascoudtb ftted chn
sontrwetrs cilosred atie of k~ hacz.te chnnliohecc k inge expnetril funbytherng with a mean of 3.39 t 1 msc n

inceeaofd.Ahe briecoulpenfte b ingleeseaaed efponencoti h uc ner F uxre 7 iftnterva ty ansthribeioponentall functione wint
tysonadthe mieantvplueod weras found to bete durpeindn on mhea (itof 739 sec inatherdfot asnl patch. Te eniraectrsin in
vloltaed(igst)a Smlo po of the ceannfit)open timeageo millitimeds th uss drsn erif4veA Sd -and colete frM sntevea patche pip
foring ca sngle urret Tiner cisograrms conditio n rev imed an polutotte Theains rbt iechannel curntevl (fil. 8) fintthed pres

relinship af exp28cul e fited conside inglan exponential depnd- odifferusit ineral y2anothenratiponentuchal ploctiondwicte

ence of open times on voltage (fi. ). Tn thle presence of SAlD- thie mean intraliurst closed time changes with voltage,
129, this relationship remained log-linear for each SAI).12.4 increases with hyperpolArizrition of the membrane, and
concentration stuidied over the range oif voltages tesfed; how. withI different concentrations of SAD- 128. It was not pos1
ever, the slope was different from that of control. For exaniple, to coll,-ct and qitantify the (duration of the interburst cb
the slope of the plot of mean channel open time vs. single- event% in each oif the patches, as we used low concentration
channel current. negative Uinder control conditions, was the aronist, which resulted in 'long silent periods. mani
chnnged to nearly 7ero (5-10 ;, SAD-128) tied then to ai which lasted ore than 1.6 secs, the uipper limit for storagi
positive value by SAD-128 at concentrations ranging from 210 the crampmtter program. On a few occasions in which we ei
to 40 ;,M. D~ata points for a particular currtent level (directly collect a significaint, number oiiruch intervals, they also sho,
related to the membrane potential) could bie derived frorn flthe a %ingle exponential distributtion as shown in figure 7, and
above plotq tinder different conditionsi, and usisl again to con- mnean of the long closed times observed in the SAD)- 128 gi
,itrict the relattion between SAI)-I28 concentration and the did nnt se-em tI b e different from that of the control.
reciprocal of the mean ripen time (sere bottomn graph in fig. G). Effect of SAI)-128 on channel hurst time. The Ly
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* events under control conditions could be fitted using a single nation of the single event bursts revealed that they are signif-
exponential function, whereas in the presence of SAD-128, two icantly briefer than bursts elicited by ACh alone, in agreement
components in the distribution became evident (fig. 9). As the with the predictions for the ion channel-blocking mechanism
concentration of SAD-128 was raised from 5 to 40 pM, the time (Cc!quhoun and flawkes, 1983).
constant of the fast component decreased, whereas that of the Effect of SAD- 128 on number of open events per burst
slow component increAsed. In othet words, the contribution of and total open time per burst. Earlier studies with atropine
the fast component of the burst times decreased as a function and scopolamine (Adler et aL, 1978) and with the local lines-

* of SAD-128 concentration. Also, membrane hyperpolarization thetic QX-222 (Neher and Steinhach, 1978) proposed a sequen-
yielded similar results, as indicated by the progressive short- tial scheme to explain the blocking and unblocking of the ion
ening of the fast component and lengthening of the slow phase channels of the AChR. The above mentioned results of SAD-
of the burst times which occurred as a function of the single- 128 on open time, closed time and burst times point to the
channel current amplitude (fig. 9). conclusion that this compound exhibits a blocking effect at the

The voltage- and concentration-dependent increase in the ion channel site of the AChR. Therefore, it would be interesting
* slow phase of the burst duration observed in the presence of to see to what extent the channel-blocking effect of SAD-128

SAD-128 (fig. 9) was expected for a reversible open channel- follows the predictions of the sequential scheme. As expected
blocking drug due to the contribution of the blocked times to from the scheme given below, SAD-128 produced a linear
the burst events (Neher and Steinbach, 1978; Neher, 1983). increase in the number of open events per burst in the concen-
The biphasic distribution of these events could also be predicted tration range between 1 and 40 pM (fig. 1 IA). Another predic-
in view of the considerable lengtlh of the SAD-128-induced tion of the model is that the total current flow during an
blocked times relative to the mean open duration; events that activation of the ion channel should remain constant in the

* had no gaps would have a distribution quite distinct from that absence and presenceof the drug. In this study, the total current
of bursts containing one or more of these long gaps. mhis flow per activation, as measured in the form of total open time
hypothesis was tested by evaluating sepaiately the duration of per burst was decreased by SAD.128 which is clearly evident
bursts consisting of only one open event and of those having at 40 AM of the drug (fig. I1B).
two or more events. The superimposed histograms in figure 10 Rate constants for channel blocking and unblocking
demonstrate that the source of the fast phase of the biphasic in the presence of SAD-128. These rate constants have

* distribution of figure 9 is the single-event bursts, whereas the been calculated based upon the sequential scheme, and the
slow phase is composed of the multiple-event bursts. Analysis numerical values are presented in table 3. The channel-blocking
of the contribution of single-event bursts from a group of rate k, increased, whereas the unbiocking rate k., decreased
patches with an estimated holding potential of -115 mV mdi- with hyperpolarization of the membrane. The K,, value for
cated values of 93, 75, 37 and IG% of the total bursts under SAD-128 at -tO0 mV potential (or at -3 pA current level) was
control, 1,5 and 40 1sM SAD-128, respectively. Further exami- around 13 pM.

0
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Fig. 7. Oistrtxftion of all the Closed Intervals (up to 1.6 sec: duration) in a
single patch recordig. obtained in the presence of ACh and SAU-i 28 in

0 10 20 30 40 S0 the patch pp~etesoluion. Thispatch had anestimiatedpotential of -118
SAOD- 128 (MM) mV and the burst terminator used was 30 msec. Lower graph, distribution

of all closed tines (24-1600 msec). which could be described by a single
Fig. 6. Upper. graph, the relaloonship between single-chainnel current exponential furcticxi with a mean of 739 msec. These events represent
amplitude and the mean channel open time of channels activated by ACh the closed intervals between eaitch iindividuad burst of channel activation.
(0. 1 or 0.2 ;,M) alone (control) or In presence of different concentrations upper graph. distlitution of all dlosed intervals up to 80 msec. Events
of SAD- 128. Note that the drug not only decreased line mean open time. up to 32 msec could be described by a single exponential function w.ith
but also reversed the slope of ~he plots of fth open time versus single. a mean of 3.39 msec. These events represent the cdosed intervals
channel current. Lower graph, the ielaanonship between SAD-I 28 con- oc-curring inside the bursts. indicating the channel-blocking duration by
centration and the reciprocal of mean opeii it"m. The values for these the drug. The events occurrig from 32-80 msec: were few in number
graphs were derived from the log-hnear regression plots from the upper and probaWl belo" to the interburst group.
graphs. A linear plot was observed in the concentration range ocetween
1 and 20 MAM of the drug (the solid line was derived from the linear -~30

regression plots, after exdcluing the value for 40 pM of SAD-I 28).

Discussion
10

The present study demonstrates that SAD-128 depresses the i r
peak amplitude of the EP C and modifies the ryt- and its voltage Ig
seiisitivity. The agent induced a double exponential decay of A
the EPC at hyperpolarized potentials, shortened the sin gle- 0 * 1M
channel lifetime and prolonged the burst time, thus eliciting an 2 A 5 s

ion channel -blocking effect at the peripheral AChR macromol- A 10AmMAi
ecule. The antinicotinic effect of SAD-128 has been observed -~ 0 20 ium
earlier by Clement (1981). who found an 1C~. of 108 AM for R 40 sLM a
displacing labeled a-bungaretoxin from the membranes of elec-
tric organs of Torpedo cczlifornica and an [C~,. of 80 ;AM for -4

inhibition of carbachol contraction in chick biventer cervicis -6 -5 -4 -3 -2
muscle. However. the pretenit study demonstrates that the drug Single Channel Current (pA)
blocked the ion channels of AChRt with a K,, of 13 juM at an Fig, S. Feleatuonstup between single-0mhannel current amplitude and the
estimated holding potential of -100 mV. This K,. is close to mean intraburst closed time (blocked lime) of channels, activated by ACh

.. in the presence of ddleent concentrations of SAO- 128. Note the Insert-
that observed by Amitai et aL (1980) for the brain mnuacarinic sitivity of the blocked times to change in SAD-i 28 concentrations.
receptor.

SAD-1 28 modified the properties of the ion channel with quency of chainnel activation (Alkondoti et at, 1988), an effect
characteristics which differ qualitatively and quantitatively which was nnt seen withi SAD-128. The rate constant of SAD-
from other pyridiniumn compounds such as 2-PAM and 111.6 128 for litlocking (4-,) was found to he higher, whereas that for
The latter two drugs, particularly 2-PAM. increased the ftc- the unblorking (k ,)wats oblserved to be lower than that re-
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0__ Fig. 10. Histogram showing the composition of the burst events obtained
a (9 0~ C~ ,~ from a single patchl recording using 5 1M0 SAD-128 and 0.2M ACh in

7; the patch pipette solution. Bursts consisting of only one open event
* (sin~gle-event bursts) occupied the initial part of the histogram whereas

- I those consisting of more than one openinlg to the unitary conductance

A ~ A level (nultiple-event bursts) Occupied the later part of the histogram.
A could be responsible for the stabilization of the drug-receptor

0~ .1 channel complex, thus leading to low unblocking rates, when
-5 -4 -3 -2 compared to 2-PAM and HI-6, which do not possess any alkyl

Sii'ek (hink-iii1 ('urr-cm (piA) group in their structure and show high unblocking rates. Evi-

Fig. 9. Effect of SAD-i 28 on the burst timea distribution. The upper four ec o uhacneto'sasodutne nUfltctr
graphs show the distribution of burst tmes obaiw une oto an that the drug QX-3 14. having an ethyl group on its quater-
ccnditior. (0.2 MM ACh) and in the presence of ACh plus 5. 20 and 40 nary nitrogen atom, was found to produce long blocked dura-
MM SAD-i 28. The estimated holding potentials in these groups were tions whena compared to QX-222 which possesses a methyl
-116. -123, -122 and -118 mV, respectively. Note the bilphasic instead of an ethyl group in its molecular structure (Nehier and
distribution of burst times in the presence of SAD- 128. The bottom graph Steinbach, 1978).

* depicts the relationship between the mean chanlel burst tine an til Relevance of AChR ion channel-blocking properties
sing'e-channel current in the presence of ACh alone (C)) or in the presence

-,of SAD-128 (A, A). The effect of voltage on the values of fast (A) and of S AD-128 to its therapeutic and toxic effects. Several
slow (A) phases of burst times is illustrated. The fast phase (values < I lines of evidence converge to support the notion that mecha-
msec) was fit using a bin width of 0.08 msec. nisms other thtan reactivation of the phosphorylated AChE

need to lie investigated in order to better explain thle therapeutic
ported for 2-PAM and HI-6 (Alkondon et at., 1988) at tits efficacy of AChE reactivators (Maksimovic et aL, 1980). Among

* meabured range of potentials between -80 and -1.50 mnV. Thle thle various nonreactivation mechanisms, the nicotinic recep-
affinity of SAD-128 for the ion channel was higher titan that tors have been suggested to be the target sites affected by the
of the other two compounds, as inferred from their equilibrium pyridiniuni compounds (Clement. 1981; Broomfield, 1981; Su
dissociation constants. For instance, the Kit for SAD-128 was et at., 1983; Alkondon et at.. 1988). However, only very recently
found to be 3.32 ,iM at -133 mV as compared to 204 uM for was a detailed analysis of the nicotinic ACli-recepnor ion chan-
HI-6 (Alkondon et at., 1988) at -140 mnV, the values differing nel interaction with some of the pyridiniumn compounds p03-

* by two orders of magnitude. Apparently, t lie presence of posi- settsing the oxime group carried out at thle single-chainnel level
tive charges on the drug molecules (in the form of quaternary for an assessment of their ionic channel effectZ (Alkondon et
nitrogen atoms) could be responsible for the onset of channel at., 1988). An important piece of evidence emerged upon the
blockade, because it is conceivable that the positive charges are dliscovery thatt SAD- 128 and ofther nonolime pyritlihium comt-
attracted easily toward the negative membrane field of the pounds. could afford protection against srninan poisoning iii thle
channels. Two types of evidence favor thiRt view, the blocking absence of thve oxitne moiety, which is required for the reacti-
effect increases with membrane hype rpolarization rind sec- vation mechanism (Oldiges and Schoene, 1970; Oldiges, 1976;

* ondly, the blocking rate is higher in the case of bisquatertiary Clement, 1981). Indeed, there has been no correlation found
compounds 3uch as SAD-128 end HIIG when compared to between the recovery of muscle function and reactivation of
monoquaternary compounds such as 2-PAM (compare thes val- muscle AChE activity by 2-PAM and 141-6 against somazi and
ues shown in table 3 with those of table 3 of Alkondon rt at., taliun (Albuquerque e't at., 198a). The presentastudy with SAD-
1088). On the other hand, the unblockitig rate could be influ- 12i8 lends further support to the possible involvement of an

/enced by the presence of side chains on the pyridisie rings. In AChR ion channel -block if,~ effect in the thernpeutic profile of
the case of SAD-128, the preasence of a "diinethyl ethyl" group pyridiliuniu compounds, inasmuch as the ion chan nel -block ing
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The nicotinic acetylchioline receptor (nAChR) ence of aAChR in the hippocampus using whole-
of the muscle and Torpedo has been well char- cell patch-clamp techniques. but also shown for
acterized. whereas of the neuronal types. only the the first time their sensitivity to blockade by low
ganglionic subtype has been studied in some de- concentrations of an ci-neurotoxin, isolated from
tail. Three extremely important neurotoxins ob- the snake Naja Naja kauothia.
tamned from snake venom, a- and K-bungaroboxin Hippocampal neurons from fetal rats (17-18
(BGT) and ix-cobratoxin, greatly enihanced our day gestation) (Sprague- Dawley) were dissociated
understanding of the muscle and ganglionic type and grown in culture for up to 60 days. Whole-cell
nAChR. In the brain, the nAChRs have been patch clamp recordings were made using standard
subdivided in two classes based upon their ability techniques, and nicotinic agonists acetylcholine
to bind with high affinity either [)Hjnicotine or (ACh) and (+)anatoxin (AnTX) (Swanson et al.,
(3Hlacetylcholine and [1251]a-BGT, respectively, 1986) were applied through a 'U'-tube rapid de-
and were shown to have a differential distribution livery system. Neurons were continuously per-
of the binding sites for these ligands in the brain fused with a physiological medium containing
(Clark et al., 1985). While the 13Hjnicotine bind- (mM): NaCI 165; KCl 5; CaCI, 2; glucose 10;
ing sites have been related to an aAChR ion H-EPES 5; pH 7.3. The internal solution used in
channel playing a presynaptic modulatory role in the patch pipette had (mM): CsCI 80; CsF 80;
the transmitter release (Rapier et al.. 1990), no EGTA 10; HEPES 10; pH 7.3. The antagonists
specific function has been assigned to the ('2511a. were applied either along with the agonist or per-
BGT binding sites in the CNS. Also, the physio. fused via the external medium. All experiments
logical properties and function of an a-BGT-sensi- were conducted at room temperature.
tive nAChR has not yet been shown, ati least in Both ACli (100 AM) and AnTX (10 MM) elicited
the mammalian brain. Recently. we have demon- inward currents at negative membrane potentials
strated (Aracava et al.. 1987) the existence of a which were similar in nature. These currents were
functional nAChR in the fetal rat hippocampal unaffected by tetrodotoxin (0.3 AM). atropine (0.2
neurons. using single channel studies. In the pre- jeM) and DL-2-am~ino-5-phosphonovaleric acid
sernt study, we have not only confirmed the pres- (APV, 50 MM) and I mM Mg2 ', but were reversi-

bly blocked by d-tubocurarine (10-50 MM), dihy-
dro-fl-erythroidine (50-100 AM) and mecamyla..

-orsodnet:E luqeqe eamw( hr mine (10.50 MM). indicating that they are media-

macology and Experimental Therapeutics. University ofMry e through nicohinic ACh receptors. However.
land School o( Medicine. 655 West Baltimore Stieft W.* these antagonists do not distinguish b.-tween dif-
timore, MD 21201, U.S.A. ferent subtypes of nAChR. On the other hand.

0014-2999/90/$03.50 Oý 1990 Elsevier Science Putsishers BY. (Biomnedical Division)
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that even 2 ht of continuous washing of the neu-
AnTX (10 *±M) rons with normal external solution resulted in no

recovery of the AnTX currents.
__________In summary, the present study demonstrates

0.5 s the existence of a-coorawtxin-sensitive nAChR in
fetal rat hippocampal neurons. Currently the func-
tional significance of cr-cobratoxin binding sites ins

at-Cobratoasa (2 sg/mal) + AnTX (10 AiM) the brain is unclear, but a correlation between an
1 increase in the number of a-BGT binding sites in

the hippocampus and nicotine- ind uced seizures
NMDA(50 kM)has been reported in mice (Miner et al., 1986).
NMDA 50 ~Thus, the characterization of the nAChR currents

of the hippocampal neurons would offer the possi-
bility to exploit their function and pharmacologi-
cai properties in this region of the brain.

12*CobvratO~d (2 Aegfm) + NMDA (50 Am) AcknoW~edgements
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Selective blockade of NMDA-activated channel currents may be-
0 implicated in learning deficits caused by lead

Manickavasagorn Alkondon*, Alhcrto C.S. Costa*", Vccraswamny Radhakrishiian*, Robert S. Aronstain'
and Ed.,on X. Albuquerque"
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Receivcd 26 Deccember 1989

The effect of Pbl on glutainate rcccpior activity in rat Iiippcisampal neurons Was ilivestigated Willsa .1view of explaining lthe cognlitive and learning
deficits produced by this heavy nictal. Pb"* (2.5 50pM) selectively inhibited N-incthiyl-l-aspartate(NMDA)-induced whtole-cell and singlc-chisannel
currents in a conccentratioii-dcpendent but vol titgc-i ndcpcndcnt mannier. without s igniicantly altering CUMr... S indued by either quisqualate or
kainate. The frequency of NNMDA-induccd chainnel activation was deercased by Ih 2l. Neither glycine (10 too0pM). nor Ca" (It0 mM) reversed

theefectofPb1 . b' ls iihiitc te 1 IIMKttJ bidnao m i poanpl meminbranes in vitro. The elucidation of the actions of 11bW
on the NM DA receeptor ion channel complex provides iluportant insights into tis cliisicai and toxic clrcets of ihis catio.

Glutarnate receptor; Rat hippocanipal neuron: Lead roiasim~imiig-Siniglcchnel iiwcurrenit: I eavy metal; Lcaruing deficit

1. INTRODUCTION count of a part of this work has appcar& s. ý~

The hcavy metal Pbz* is an envirotnmental toxicant fr 1)

that poses a great threat to infatit and child develop- 2 AEIL N EH D
ment, chiefly by causing a marked deficit in cognitive 2 AEIL N EH D
development [1-31. Animal stiudics have indicated an 2.1. Tissue culture
impairment of the learning process after Pb24 exposure Hlippocainpi of fetuses Obtained fruits 16-li-day prcgniani rail

[4-6). Hippocampal damage has beeni linked to deficits (Spraguc-Dawlcy) were dissociated and plated according to lthe
nietliods d~sicribsed by Liatis-Landotan and Albuquercque 11I81. For

in reversal lcarning in rats and in monkeys 17,81, and reewidimig channel currents, 7-21-day old cultures were used.
exposure of young monkeys to Pb2 ' produced similar
learning disordcrs [9]. Our current understanding of 2.2. toIln technique
synaptic plasticity suggests that long-ternm potentiation Trise recordings of both whole-cell and single-chatnne currenats were
(LTP) may underlie the processes of learning and made according to standard patclm-clanmp techniques (191 using an
memory [10-131 and several reports indicate that tile LM-EPC 7 patch-clampt system (List Electronic. FPRG). The external

It solution had lite following composition (nilM): NaCI 165. KCI 5,NMDA subtype of glutamate rececptors are involved in CaCI 5 2 (unless otherwise staited). Heptes 5. D-glucose 10. pH- 7.3.
the process of LTP [14-161. lin view of these observa- 340 mn~si plus TTX (0.3 #M). The internal solution was composed
tions, wc decided to examine the effect of Pbz* on thie of (mMiv): CCI 8O. CsF X0, CsEGTA 10. tleties 10). pit 7.3.
glutamnate receptor ion channel activity in cultured rat 330 muiOstit. The patch inicroelectrodirs were pulled front borosilicitie

hipocapalneuons Th prsen stdy emostrtes capillary glass (WVorld Precision Insitunmeusts, New Haven, CT). T~ie
hippcamal nuros. Te peset stdy emontraes microelecsrodes wheni filled with the internal solution had resistance$

that Pb" blocks the NMDA receptors located at of 1-2 MO and 4-7 Nit for whole-cell and single-chanitel zx-
glutamnate synapses of rat hippocampal pyramidal perimneinsa. repectively. No series-resistance compensation was used
neurons at concentrations which are capable of induc- inlithe present expecrimecnts. Thei data were stored ois FM tape (Racal

ingncrosycolgialdisorders. A preliminary ac- 40S5) and filtered at 3 k~lz. Whole-cell currents were analyzed using
ing nuropscholoicalthe l'CLAMI' program whereas analysis of siallic-clmasmael currents

were done using the IPKROC-2 progranm.
Correspondence address: M. Alkiondoms. Depciartenitt of l'har- Whole-cell currents were inmduced by fast applications of tile
macology amid Experimtental Therapeuitics. Uiiivcrsity of Marylansd agittniisu cither alonet or in consitttation withs lime indicated concetnura-
School of Medicinme, ttlltinsee, M0) 21201. USA lions% of P'b' (CP- salt). For rapid solution chattites (about 100) in&).

lthe outflow port of a U-shaped tube 120,211 was positioned oaicr the
Abbreviations. NMDA, N-inethyl-l)-asparlate: LTP, long-term cells (approximsately 30 puss). Wt modified this systent in order to oil.
potentiation; Hepes. 4-(2-lmydroxyeilmyl)-i -pitsera~iimsetllmaneaullonic lain different outputs fromt lthe sawt port without moving the U-tube.
acid The dead spaoce frim solutiont exchsange Will about 0. 1 Jul aundt he per-

Vlublished bty Elsevier Ss-ietet I'elslmev~rs ff. V. flliontediivl Ovitios,)
124 tt59/usS.tt(199 draiisof Furspe ntochnt~ical Soieteies
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fusion rate'was about 0.1 mI/min. Short pulses (I s) of agonist ap- in a concentrafion-dcpendent manner (rig. 1, table 1).
plied to the ccll surface gave reproducible and consistent responses Thc ICu1 of Pb2* for peak depression of NMDA cur-
under these conditionis. These necurons were supcrfuscd at a rate of rnswsaot1 M(i-I) h fcto b~o
1-2 nil/tmi with external solution. rnswsaot1,M(t=1) h feto b'o

Single-chiannel recordiings were dotne in the outside-out patich con- the NMDA receptor was detected at concentrations as
figtiration. INMDA and P'bC12 were added into the static bailt and low as 2.5 #AM. and almost complete abolition of the
mixed thoroughly t0 Zachieve equilibrium condit ions before miakaiig responIses was observed at 50 suM. The inhibitory effect
ther !cordings. The aadition of the drugs was restricted to/ld voumnes of l~b2* was seen at both hyperpolarized and dcpolariz-
so that rt; 'v difuton that tnight cccur was kept iu a ti ni niur (< 5 010
its the p~cesent exptimciincti). All cxpcrintcnts were pecrfurmttd at roomi cd tnembrane potentials, and a partial recovery of these
temnperature (2U-Z2*C). responscs occurred in about 5 mint with nearly coniplcle

For the whole-cell cxtpermnienws. the currcutt aniplitudes were recovery in 20 mini (fig. 1, table 1). The amplitude of the
- measured and compared under diffeiernt cottditioiis. During the currents elicited by either quisqualate or kainate was

sittgle-chainnel experienitts, the chantnel open itt ic, burst ti nte and slighl eue t5#1o b2 ihrcnctclosed ftime and channel open probability were tneasuicd. A chntnitcl ghl eue t 0 1 Mo+b.Hihrcneta
opening was detected when the current reached 50%/ of tltc estimtated (toils of Pb 2  (250AiM) produced about 3007o depres-
single-chaantie attplitude. and the closing when the currentt returnied stoti s.J the currenits (oy 6) induced by both quisqitalate
to the 5001 level. To heclp climinttac tnoise points lioin analysýis. it wais and kainate (fig. 1). T hus, pb2 ' appears t0 have a sclec-
furthIer stipiulatcd thIat t he mecan atapliitude dttrit ig a buIrst mnust he a tivc blocking actiotn at the NMIDA-type of glutamnate
least 80%/ of tlte estitmated single-chatittl aniplittde to be conisideied e porEalrstdsuinthenpacfom rga valid event. For the purpose of counting thle nuttmber oh total open- e ptrErlrstisuin tecdlasfom ro
ittgs and the total opening probability, the data were analy/cd %%itl and miammnalan muscles, also inidicated a very weak itn-
a brief burst terininator (0.08 vis). Correction fojr the multiple level hibitory action of Pb-" occurring only it high concen-
of openings was done arbitrarily by douibling ithe tuttiller of such trations of' this ion (100-200 ;tM) at the postsynaptic
multiples and adding it to tlte sitngles. The open probability was nlicotinic acetylchoinec receptors [24,25).
calculated by fititing lthe sampled points of dte openi state iii the total
amuplittude histogratm either to sittgle or double G;aussian fits ot tlie
distribution. The area ob,ained frrnt the above Iits was coiiverted to N.MDA
the total open duration in seconds by mutuiplyitng themi by the samipt-
ills interval (0.08 aim). Civctt the total recorditng time of that paid., -50 =V +50 alV
thie total opetn probability or all the chtantnels tunder tie patch'couldRO
thu., be calculated. The values obtained by this methiod wer! conin-
parable to those estimtated by the frequency of individual openings
even though it did not take into consideration the setittgs defined for 5~ Pm
detection of the open events.

Adult wale Wistar rats were killed hy decapuitat ion, attd t(lie hip- i
pocatsipus was isolated and homogenized in 50 sols of cold l1drs-l ICI Pb' 25
buffer (5 itiM. pl-I 7.4). Thte honiogettate was cetuirifuged at 170(1X x -et0
g for 15 mitnt. The pellet was suspenided at a conceentration of' I itig Ills" 50.M
protein/mI and used without further treatnient. ( + l.['NIIK-80I
(( + )-5-nicthyl-l0,l l-dihiydro.SH4-dibcnzolu~dl-cy-clo-lclteptei-3, 10-in-
mne inaleaic; 30 Ci/tismol; tDupont-NEN) was used as a probe for the W.ASis
ion channiel of the NMI.A recept~or comiplex [22,231. Bitndiiig was
iseasured by a filtration procedute. Mettibratics (I(X) #g proteitn) were
incubated its a miediutm coittainling 5 nM [',is-I ICI. fit1 7.4,

ligands as required by the experientcn. Noitspecific biindintg was deter-L

mutecd by iticludiing 10.aM unlabelled NIK-S0l iii a parallel selies of QUISQUALATE
tubes. After a I-lIt intcubationt at room tetinperatuie, thme suspension (Xix V 250,,M
was filtered through glass fiber lilters (no.32; Sclmlciclier & Schutell.
Keene, INH) using a hirandel (Gakitherbirg. Ml)D) filtration mtantifold.
The filters were washed twice with cold buffer atid thteir radioactivity -5 -content determnined by liquid scintillation coumittng. Assays wete
routitnely carried out in the absetnce attd piremice of 100#~M
glutatiatae, which stimulated specific binidinig by 401-70%; notispecilic KAINATIC
binding was not affected by glutatimate. (IOssx PV25 A

3. RESULTS AND DISCUSSION V ` 11

To determuine the nature of interaction of Pb2 ' withl Fig, . ;,1 hcct or Ptm*, onu whole-cell current% evoked biy 50p evI ach
the glutamate receptor. whole-cell currents evoked by of NMVDA. 4LiqUAIMCanm d kainate from rat hippocanspal neurosis.
NMDA, quisqualatc or kainatc were recorded froin [tolls inward and owmazd currents evoked by NMDA wider control

cuitiditioti. i's the Praesene of graded cotwelharations or IPbCII, aitdhippocampal neurons. When administered as an ad- S ittin after wash,vatobtainsed fromt flev saine neuron. Qitisquatlate
mixture with NMDA, Plbl* dcprcsscd thie peak amtd kailiate respruiscsva eascti tobairted fromn separate neuronus ill
amtpltude of thfe NIVDA-activated whole-cell currents the picser~xof I nsN1 tgl and 50/,M AI'V.
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Table I gave very similar results (table 2). The inhibitory effect

Effect of different concentrations of PbCI2 on tlicwholc-ccllcurrents of Pb2' appeared within seconds after its addition, and
evoked by NMDA from rat hippocaiapal neurons 'he NMDA responses remained inhibited as long as

Pb 2 ÷ was present. Unlike the quick onset of action, the

Drug 0% of control response reversal of Pb2 *-induced inhibition measured tinder

-50 mV 4 50 1V single-channel recording conditions, was much slower.
On repeated washing or the outside-out patches for

50jM NMDA+ 100 (±S) I0() ) C' more than 30 min, only a partial recovery (30-4007b, n =
50/tM NMI)A + I aM Pb

5
' 101.5 ±t 1.5 C)) -

50jM NMDA + S suM Pb-' 84.8 ± Z.7 (6), 81.4 ± 5.3 (6) 5 patches) of the responses was achieved. These results
50,#M NMDA + 10#M PbZ* 45.5 ± 2.4 (15) 46.4 ± 2.6 (9) indicate that the action of Pb 2+ at the NMDA-type
50 #M NMDA + 25#M Pb" 30.1 ± 2.0 (6) 22.7 ± 2.1 (6) glutamate channels is slowly reversible. The delay in the
50/#M NMDA + 501uM Pb2 ' 9.6 ± 1.0 (15) 10.1 ± 0.6 (9) recovery time of Pbz*'s action could have significance
Wash (after 5 min) 47.7 ± 3.7 (12) 42.9 ± 2.5 (9) in that chronic exposure to the heavy metal, as occurs
Wash (after 20 min) 105.0 ± 2.8 (3) -_- in vivo, can have a long-lasting effect at the NMDA

Values presented are mean ± SE percentage of the control responses, receptors. Neuropsychological deficits have been
The wnmber of observations (n) obtained from a total of 15 neurons reported in children [26] whose blood Pb2÷ concentra-

are indicated in parentheses after each value. * P < 0.01 riorted in chilre os blood #M concentra-tion was in the range of 1.5-2.5 1LM (30-50 .ag/dl).

Selective accumulation of Pb 2 in the rat hippocampus,
To understand the molecular mechanism of action of compared to blood or other brain regions [27-291, im-

Pb 2 + at the NMDA-activated channels, single channel plies that concentrations of Pb 2÷ in the analogous
recordings under outside-out patch-clamp conditions regions in children, could reach levels high enough to
were made from hippocampal neurons. These studies inactivate the NMDA receptors. Indeed, increased
indicated a marked reduction in the frequency of Pb2÷ concentrations have been reported in the hip-
NMDA-activated channel openings (fig.2). The in- pocampi of Pb2 ÷-poisoned children [301.
hibitory effect could be detected at Pb 2 concentrations To further examine the kinetic interaction of Pb2+
as low as 500 nM. Quaatitative analysis of the effect of with the NMDA-type channels, the effects of this ca-
Pbl+ performed at a concentration range between 5 tion were studied under a wide range of membrane
and 20,uM indicated a statistically significant reduction potentials on the predominant, high conductance
in the frequency of activation of NMDA channels (40-45 pS in our study) channels using low concentra-
(table 2). Frequency of activation was estimated either tions of NMDA (5-10 #uM). The time constants of open
by counting the rate of individual openings or by ob- time, burst time and closed times analyzed in the
taining the total open probability, and both methods absence and presence of Pbz* are shown in fig.3. The

closed time distribution disclosed a very fast (< 100 Its),
an intermediate (0.15-1.5 ms) and a long (10-1000 ms)
exponential component. Both open and burst time

Effect of different concentrations of PbCI2 on the frequency of histograms showed short and long components. In this
activation of NMDA-evoked currents obtained from single channel study the long component of the open and burst times

recordings was analyzed because this component remained consis-
tent in several patches studied. Under control condi-
tions, the plot of the mean burst time vs membrane

11-20 nin 21-30 miin 31-40 rin potential was linear. The value for burst time ranged
OI'" 10#M 20#M from 9.5 to 13 ms over the range of potentials

Ope-n frequently evaluated (-80 to +60 mV) (fig.3B), indicating very
Control 110 t 5 1ll ± 19.6 75 1 14.6 little voltage dependency. This is consistent with results
Pbl" 64 ± 10.7 27 ± 3.7 14 t 3.6 of a previous report 1311 for NMDA-activated channels
Open probability from mouse central neurons. However, in contrast to
Control 105 ± II 100 :± 15.5 79 1 13.5
Ph'* 57 ± 10.5 20 ± 3.9 11 ± 1.7 their results [311, the channel open times decreasedsharply with membrane hyperpolarization in a
Responses are prescntcd as percent of the initial value obiained nonlinear manner (fig.3A). In addition, the in-

during the firs, I0 miin recording in each patch. Value% are tle tered ate cl time Inc addexponentil ith
mean ± S[E ofeither the frequency of individual openings or the total termediate closed time increased exponentially with
open probability obtained from s patches in each group. in the hyperpolarization (fig.3C) and the number of events
control group, patches were exposed to 10/,M NMDA throughmit per burst also increased at negative potentials tinder our
the recording session, whereas in the !'b'* group, the patches were control conditions (fig.3G). This effect resembles the
exposed to NMDA first then to increasing concentrations ofvP2,Va blocking action of MgP* at NMDA-type channels [32t
zhe end of 10 min of recording, while maintaining the same
concentrktion (10,M) of NMOA. In both methods of analysis or bispyridinium compound-induced block at the
%igniiicant reduction (P -. 0.05) (Student's m.tes,) is seen in the PI'l* nicotinic recepttir channels (33,341 in contrast to that

group reported for the large-conductance glutamate receptor
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ion channels in rat cerebellar granule neurons 135]. Alternatively, some other unidentified blocking
Even togiMg2* was not added io our extraccilular molecuic may be responsible for thc behavior of the
medium in expcrinients where NMDA wvas used as the chainnel kinetics observed under our control conditions
agonist, a small contaminatir;, r~f about 1-3 /iM of or the observed channel kinetics may represent the in-
Mg Z+ could have originated front other salts used. trinsic gating mechlanismi of the NMLDA channels. In

NM[)A I0 14M +50 miV NMDA + Ph"' 10 p.Mv

-80 nmV 44?0~:

Fig.2. Samples of single channel recordings obtaiined from as% outside-out patch from a rat hiulptcampati necuron. Channel currents activated by
NMDA alone (left panels) anId NMDA in the piescitc of 10,vM PbCI1 (right panels) are shown on a coatsmuou timie scale its cacti panel. Note
the reduction in the frequency of openings as the predontinatit effect of l1b" seen at both positive and negahive inembrane potentials. Uata ~shown

were filtered at 2.5 kilz.
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contrast to MgZ* [32], Pb 2' did not induce flickering of striking effect of Pb2 * was seen in the form of a redtLc-

the channels during the open state nor change the mean tion in the channel activation which occurred at both

channel open time over a potential range between -80 hyperpolarized and depolarized membrane potentials.

and +50 mV (fig.3A). Further, Pb 2' had no effect on There was a reduction in the frequency of individual

the intermediate closed time even though the long clos- openings (fig.3E) and bursts (fig.3F), and a reduction

ed interval was greatly prolonged. At the concentra- in the overall probability of openings (fig.3H).

tions studied (tip to 40/ M), Pb 2" failed to alter the Evidence for a competitive interaction between Pb*

single channel conductance. At negative membrane and Ca 2+ has been demonstrated in studies on synaptic

potentials (-60 mV and more negative potentials), transmission in bullfrog sympathetic ganglion [36] and

Pb2' reduced the number of openings per burst and rat muscles [25,37], and on synaptosomal uptake of

also reduced the burst duration. However, the most choline (381. To test such an interaction between Pb 2 ÷
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current (I)), frequency of open event% (rE). freq(Ilcney of htrut c.,ct'lt% (F). event% per hurW, (G). piobability of opening (1-). were obtained in the

ahSclcC (open rcircles) and presence of 10 pM VbCt( (filled circies) ffio, a ,1inglc omtide-out patch. Similar results were seen in 4 separate patches.
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A 140, also unlikely because neither a voltage-dependett bNock

0'12o nor thic presence of flickering and open time reduction

S too . ------------------------. was observed in the prescncc of Pb2*. Addition of
M glycinc (10-t100 #M) in the extracelular medium after

80 , eliciting Pb 2 *-induced block, failed to antagonize the
S60 inhibitory effect of Pb2 * (observed in 6 patches), sug-

40o 0- o -2 Gz• u gesting that the glyciae site [40] is not involved in the
20 0-0 Pb

2
++ Glu action of Pb2 ÷.

• • 2_ __ MK-SCI has beeni reported to be a potent and selec-
0 -

-to -8 -6 -4 -2 0 five noncompetitive blocker of the NMDA channels

Log [Pb 2 )]. M 122,41]. Access of [31-HMK-80O to its binding site inside
the channel is cctirolled by drugs that act at the

I 140 . . NMDA receptor and modify the opening of the channel
01120 0 [42]. The divalent cations Zn 2+ and Mg 2

l have been
.5 ,00 ------------ repirted to affect the binding kinetics of ['3HMK-801
M a to putative NNIDA-4vpe channels i4i br.tin membranes
;, 80 Co \[42,431. hi the preset study, we have examined the ef-

60 fect of Pb12 on the binding of [1H]MK-801 to the rat
240 0-0M -CIu brain hippocampal mcnmbraes and compared its effectOn 2pwih ha

- 20 e-e 2+ + Cu * with that of Mg"÷. As depicted in fig.4, Pb2 + inhibited
0o the binding of [3HIMK-801 in a conccntration-

-to -8 -6 -4 -2 0 dependent manner -with ari IC~o value close to 7 ,M,
Log [Mg2+] M and this effect was unaltered by inclusion of thieagonist, glutamate, to the medium. Mg 2 + was found to

Fig.4. (A) Effect of PbCt2 on ['tIItK-80 bWading to the ion chancl poorly inhibit the binding of ['HIMK-801 (C 50 =

or the NMDA receptor comnplex. Binding aas incas1,rx! in the 700,aM), but its inhibition was significantly enhanced
absence (open circles) or presence (filled circles) of 100t,4M in the presence of glutamate (IC.o = 40,#M). These
glutamnate. Binding is expressed as fraction of the total specific results are consistent with the notion that Mgr ill-
binding neasured it the absence of Pbl'; total specific binding was teracts with the open state of the NMDA channels
45V greater in the presence of glutamate. Eachi pciais rcprescwts thgc
mran of 3 determinations. (3) Effect of MgClz on I'l•NIMK-801 [32,421. The failure of glutamate to shift the inhibitory
binding to the ion channel of (he NMIDA receptor cotnplcx. Bindig concentration-response curve of Pb2+ (fig.4) indicates
was measured in the absence (open citcles) or presence (closed circles) [a(t Pb 2 + acts predoniniantly at a closed confornmation
of 100 aNt glutamatc. Binding is expressed as fraction of total of tile NMDA rcccor which is consistent with a lack
specific binding measured in the absence of Mg 2'. Each point of effect of Pbl' on the inean channel open time of

represents the nmeal| of 3 deternminations. N NMIDA-induced single-channel currents. In addition,

the effect of Pb"* rescmbles that of Zn'÷ in that both
cations produce a voltage-independent block of the

and C.a>, we raised the extraccllular concentration of NMDA channels [44] and they exhibit similar blocking
Ca 2÷ from 2 mM to either 4 or 10 tiM after eliciting potencies (Pb 2 being more potent than Zn 2 '). Among
the blocking action of Pb 2*. Although a reduction in several divalent cations, Za 2+ was found to be the most
the single channel conductance and a transient increase potent in inhibiting the binding of 13H]MK-801 [43].
in the frequency was observed, the ithibitory action of Our study reveals t•a:. Pb2t is even more potent than
Pb 2 ÷ was maintained. Additionally, prior addition or Zn 2, int this action. It appears from these findings that
removal of Ca 2÷, did not prevent or enhance respec- lPb 2 and Zn2I may bind to a similar site in the NMDA-
tively, the blocking action of Pb 2 ÷ on the NMDA reccpter channel complex.
receptor, suggesting that the effect of this metal ion was In sunmmary, the plesent results demonstrate for thie
not mediated by a competitive interaction with Ca" at first lime a blocking effect oi Pb2 ' on the NMI)A sub-
the NMDA channels. Raising the concentration of type of glutaiate receptors. T"hc concentrationls at
NMDA 2-10-fold (5 patches) failed to antagonize the which the blockade occurs arc comparable to that
action of Pbz* on thie frequency of activation, in- found in lead-poisoned childrc,:. Ample evidence in thie
dicating that Pb2 + did not conpcte for the agonist bin- literature is now available to indicate the key role of
ding site as in the case with 2-amino-S-phosphono NMI)A receptors in the processes of learning and
valerate (APV) (391. These results also rule out tlie mnemory and also tIe impairment of such processes by
possibility that the reduction in the frequency is not a Pb2 '. Therefore the blocking action of P'bz÷ on the
consequence of a lowered NMDA concentration due to NMI)A receptor ion chitmel certainly is -n important
complex formation between the cation and the amino clue for the exploralon of t(ie clinical effects of this
acid [321. A Mg'÷-Iike channel-blocking effect 1321 is cation.
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INITIAL CHARACTERIZATION OF THE NICOTINIC ACEE1YLCHQLINE
RECEPTORS IN RAT HIPPOCAMPAL NEURONS

Manickavasagom Alkondon and Edson X. Albiuerque

* ~Department of Pharmacology and Experimental Therapeutics
University ut Maryland School of Medicine

655 W. Baltimore St.. Baltimore, MD 21201 U.S.A.

ABSTRACT

* The properties of the neuronal nicotinic acetylcho~ine receptor in.
primary cultures of hippocampal cells from fetal rats; (17-18 daysgestationl
were studied using the whole-cell patch-dlaip tedvnje in Na-external.
Cs*-internal and nominally Mg 2+-free solutions. The nicotinic agonists
acetylcholine. (+lanatoxin-a. and I-) and (+)nicotine all evokced inward
whole-cell currents in hippocampal neurons that were voitage clamped near

* ~their resting potentials. Sensitivity to (- l)anatoxima was first detected at
around day 6, and thereafter the magnitude of the tesW.I-*& increased as a
function of number of days in culture up to about 40 days. The whole-cell
current waveforms consisted of more than ont peak whase relative
amplitude depended on the agonist concentration. These currents were
reversibly blocked by micromolar concentrations of d-tubiocuarine,
mecamylamine. and dihydro-fi-erythroidine. At nainomoiar concentrations,

* neuronal bungarotoxin. c'-bungarotoxin and a-colbratxin caused an
irreversible blockade of the currents but they were unaffected by
tetrodotoxin, atropine, DL- 2- amino- 5 -phosphonovaleric ac". Mg 2 ., and 6,7-
dinitroquinoxa line -2,3 -d ione. In iddition, the currents were also blocked in
a reversible manner by methyllycaconitine at picorrolai ccncentration. The
current-voltage plots elicited by both (4-)anatox*%-@ aind acetylcholine

* revealed larger inward currents and smaller or no aoutward currents. The
present results demonstrate the existence of an winwdly rectifying, snake
ne urotoxin- sensitive functional nicotinic acetylchollir receptor ion channiel
in rat hippocampal neurons.
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INTRODUCT1"N

Nicotinic acetylcholine receptor .nAChR) is one of the best studied

membrane ion channels in neurobiology. Despite the voluminous literature

found regarding the nAChR of muscle. Torpedo, and ganglia, that pertaining

to the mammalian central nervous system (CNS) is limited mostly to ligando

binding studies. Earlier oinding studies identified two distinct sites for

nicotinic ligands, one labelled by a-bungarotoxin (a-BGT) and the other by

('Inicotine and/or acetylcholine (ACh), with a unique pattern of distribution

in different regions of the brain (1-3). Recent molecular biological studies

further suggested the existence of several subtypes of nAChR in the brain

based upon the discovery of several genes encoding for both a and 6

subunits (4,5). However, the existence of a diverse family of functional

nAChR in the native form remains to be establishcd. A presynaptic nAChR

mediating dopamine release in striatai synaptosomes (6) and a postsynaptic

nAChR mediating ion flux in fetal hippocampal neurons (7) retinal ganglion

cells (8) hypophyseal cells (9) and medial habenula neurons (10) have been

shown rerfntly. But the physiological properties, pharmacological

sensitivity to antagonists, developmental regulation and density distribution

of the functional nAChR in several regions of the brain ire largely unknown.

To address some of these problems, we studied the nAChR of rat

hippocampal neurons (7) by the whole-cell variant of the patch-clamp

technique. Fetal hippocampal neurons whose in vitro morphology has been

well characterized (11.12) permitted us to study not only the properties of

the nAChR present in 'hese neurons but also to follow the time course of

development of this receptor during the growth of the cultures. The main

finding of the present study is that the hippocampal neurons of fetal rats

express functional nAChR ion channels that show sensitivity to snake

neurotoxins, exhibit rectification properties and also changes in number

along with the development of the neurons in vitro. A preliminary account

of some of these results has been presented elsewhere (13.14).

II
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MATERIALS AND METHODS

M ri AcetyIcholine chloride, (-)bicucudine methiodide, DL-2-

amino-5-phosphonovaleric acid (APV). (-)nicotine bitartrate, (+)nicotine

bitartrate, atropine sulfate and tetrodotoxin were from Sigma Chemical

Corp. (+)Anatoxin hydrogen fumarate (AnTX) was kindly provided by Prof.

H. Rapoport. d-Tubocurarine chloride (d-TC) was from Calojochem, dihydro-

* f-erythroidine HBr (DH,'E) and racemic mecamylamine HCI from Merck,

Sharp & Dohme), a-bungarotoxin and a-cobratoxin from Ventoxin

Laboratories, Inc., Frederick, MD, neuronal bungarotoxin (neuronal BGT; also

called K-bungarotoxin) from Biotoxins, Inc., St. Cloud, FL. and 6,7-

* dinitroquinoxaline-2,3-dione (DNQX) from Tocris Neuramin, Essex, England.

Methyllycaconitine citrate (MLA) was provided by Dr. Susan Wonnacott

(Bath, England).

Tissue Cuiture. Hippocampi of fetuses obtained from 17-18-day

pregnant rats (Sprague-Dawley) were dissociated according to the

procedure described in Aracava et al. (7). The dissociated cells were plated

at a density of 50,000 to 70,000 cells/cm2 on 35 mm culture dishes which

were previously coated with collagen.

Patch-Clamp TechniQue. The recordings of whole-cell currents were

* made according tostandard patch-clamp technique (15) using an LM-EPC-7

patch-clamp system (List Electronic. FRGI. The external solution had ihe

following composition (mM): NaCI 165; KCI 5; CaCl2 2; HEUES 5; D-glucose

10; pH 7.3; 340 mOsm plus tetrodotoxin (0.3 pM) and atropine (0.2-1 pM,

* added in most of the experiments). The internal solution had (mMI: CsCI

80; CsF 80; CsEGTA 10; HEPES 10; pH 7.3; 330 mOsm. The patch

microelectrodes were pulled from borosilicate caplllary glass (World

Precision Instruments. Inc., New Haven, CT), which when filled with the

internal solution had resistances between 1.5 and 4 MC. Whole-cell0
currents were analyzed using the PCLAMP program.

A 'U'-tube positioned close to the neuron (-50 jml allowed fast

delivery of agents to both the cell soma and dendrites (165. During a typical

0
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experiment, the bath solution was exchanged continuously at 1-2 ml/min by

means of a slow perfusion system driven by a peristaltic pump. The snake

neurotoxins and some of the antagonists were applied via the external slow

perfusion system while the others were applied as admixtures with the

agonists. All experiments were performed at room temperature (20-22 OC).

RESULTS

Morpholoaic3l Features of Hipoocamoal .Neurons in Culture.

Neuronal cultures obtained from 17-18 day embryonic rat hippocampus

have been reported to consist predominantly (80-85%) of pyramidal cells

with few granular cells and interneurons (11). These neurons assumed a

variety of shapes such as pyramidal, rounded, ovoid or even square-shaped

when they adhered to the bottom of the dishes (Fig. 11. They projected

two to five, and occasionally up to seven processes from their soma (Fig.

1). In young cultures (< 7 days). the axonal processes could not be clearly

distinguished, based upon differential length (11,12), from the dendrites.

because the processes often overlapped with those of the neighboring

neurons in our dense cultures. However, as the cultures grew older (> 10

days), two types of processes were discernible, the thicker ones being the

dendrites and the thinner ones possibly the axon collaterals (12; see section

C of Fig. 1). Based upon the earlier studies (11,12). it is assumed that

many synapses would have formed in our cultures which were grown for

more than a week. Such a contention was confirmed by the frequent

occurrence of spontaneous miniature synaptic currents in these neurons.

At 6-7 weeks, many neuronal cells appeared to have lost their processes

(Fig. 1D).

Preliminary Screening of the Neurons for Nicotinic Sensitivity. To

verify the presence of nAChR, we preferentially used AnTX as the

cholinergic agonist, because this neurotoxin proved to be a potent and

selective nicotinic agonist at both muscle (17) and CNS sites (16,18). ACho

and (+ I and (W) nicotine were also used routinely. For the present purposes,
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we designated a neuron sensitive to nicotinic agonists if it responded to

either 10puM AnTX or 50,0M (-)nicotine with a peak whole-cell current of

10 pA or more at -50 mV. Using tnis criterion, we observed a nicotinic

sensitivity of 33% (4 out of 12 cells) at days 6-14, 88% (15 out of 17

cells) at 21-22 days and about 98% (74 out of 75 cells) at days 25-50 in

our cultures. Nicotinic sensitivity was not evaluated in neurons kept in

cultures for less than 5 days at th;s time. The magnitude of the AnTX-

induced currents increased as a function of number of days the neurons

were ma~n~tmed ;n cutur,, with a maximal amplitude observed at 4-5

weeks after plating (Fig. 2).

Sensitivity of Hiooocamoal Neurons to Nicotinic Aconists. Exposure

of the hippocampal neurons to cholinergic agonists for about 1 sec under

whole-cell patch-clamp recording conditions resulted in inward currents at

a holding potential of -50 mV. The peak amplitude and shape of the whole.

cell current waveforms were dependent upon the concentration and type of

agonist used. By and iarge, the responses obtained could be broadly

classified into two types: the currents evoked by high concentrations of the

agonists showed a single large peak which occurred within 100 msec after

the onset, and that evoked by low concentrations revealed an additional

second peak which appeared after 200-300 msec from the onset of the first

response (Fig. 3). The transformation of the waveform from two peaks to

a single large one occurred when the concentration of the agonists were

raised. Table 1 summarizes the average currents produced by different

concentrations of the agonists. Even though the amplitudes were

uncorrected for the variability of culture age (17-39 days). it is possible to

make an approximate estimation of the potency difference between

different agonists. (-)Nicotine, ACh and (+ Inicotine were 10-, 30. and 100-

fold less potent, respectively, than the semirigid agonist. AnTX, a difference

that closely resembled the one seen at the neuromuscular synaose (17).
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FIG. 2. Histograms show the age-dependent changes in the nicotinic
sensitivity of hippocampal cultures as determined by the peak whole-cell

* current evoked by (+)anatoxin-a (10 pjM) at -50 mV. Each column
represents the mean and S.E. of the peak currents obtained from several
neurons (the numbers indicated in parenthesis) in each group. The data for
35 and 45 days after plating were pooled from cuttu:n! grown for 31.40
and 4 1-50 days. retpectively.

Antaaonist Sensitivity of Nicotinic Currents.

Effect of Noncholineraic Antagonists. Ail experiments were carried out in

* the presence of tetrodotoxin (0.3 pM) and atropine (0.2-1 pUM) to prevent

any possible Na * currents and muscarinic ACh receptor Pctivation. The

NMVDA antagonist, APV (50 jpM). Mg2* (11 mM)I and the non-NMDA

glutamate antagonist, DNQX (50 AIM), had no effect on AnTX-evoked

* currents when they were applied along with the agonist (data not snownI.

Similarly. when APV (20jpM) was added to the continuously perfused

bathing medium, it failed to affect the responses of AnTX. ACh. M-nicotine

and (+ )nicotine. iaicuculline (50 jpM), a GASAA antagonist, when applied

with AnTX elicited a partial (-30%) blockade of fte responses.
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Table 1

SComparison of the potency of agonists for evoking whoie-cdl currents:

The maximum current amplitude measured during the application of the
agonist (either first or second peak) was used. H.P = -50 mY. Fetal
hippocampal neurons had been grown in culture for 17-39 days.

Agonist Concentration Peak Whole-cell Current Number of
Neurons Tested

(uM) (Mean -t S.E.)

Acetylcholine 10 11. 12 2
30 16,69 2
100 149+33 14

(+)Anatoxin-a 0.3. 5, 10 2
1 32+9 3
3 115.46 3

10 236+65 15

(-)Nicotine 10 51, 53 2
30 46.59 2

100 162+39 4

(+)Nicotine 100 29. 40 2
200 30. 64 2
500 64, 117 2

Individiual v1siues are given when n . 2.

Effect of Reversible Nicotinic Antagonists. AnTX-evoked currents were

blocked by nicotinic antagonists d-TC (50 #M), DH#E (100 uM). and

mecamylamine (10/pM) (Fig. 4). A lesser degree of blockade was also

observed with 20M#M d-TC and 50pM DHOE (data not shown). When each

drug was applied together with the agonist it produced a reversible and

concentration-dependent blockade of the AnTX induced currents. While the

effects of both d-TC and mecamylamine were easily reversed upon

washing with drug-free solutions for 5-10 min, DH•E effects were only

I

p
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A

C

FIG. 4. Effect of d-tubocurarine. 50 pM (A). dihydro-8-erythroidine.
100 pM (B) and mecamylamine. 10 pM (C) on (+)anatoxin-a (10 pM)
evoked whole-cell currents at -50 mV. Hippocampal cultures grown for 40
days were used. The sequence of traces from bottom to too in each panel
is control, wash (5-20 mdin and antagonist, respectively. All antagonists
were applied together with the agonist. Calibration: Horizontal bar - 500
msec (A-C); Vertical bar - 25 pA (C) and 50 pA (A & 8).

partially recovered even after 20 min of drug-free washing. In addition to

blocking the AnTX responses, d-TC (20 pM) also blocked the responses to

ACh, (.)nicotine and (+)nicotine. Such a blockade could be demonstrated

whether d.TC was applied together with the agonist or applied before the

agonist via the slow perfusion system. Interestinalv. after perfusion with

/
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20 pM d-TC, AnTX-evoked current waveform has been transformed from

3 single large initial peak to one having an additional delayed second peak

(Fig. 5), a pattern consistently seen with low concentration of many

agonists (see Fig. 3).

Effect of Snake Neurotoxins. The nicotinic currents were blocked by both

a- and neuronal snake toxins (Fig. 6), probes currently used to distinguish

between the muscle and ganglionic nAChR subtypes, respectively (19). A

sample showing the effect of a single concentration for each antagonist is

illustrated in Figure 6. a-Cobratoxin, isolated from Naja na* kaouthia, at

0.03-0.3 uM (14) and o-EGT. isolated from Bungarus ,'uttcinctus. at

0.1-1.0 pM, produced a partial to complete concentration-dependent

blockade of AnTX and ACh responses. The onset of blockade could be

detected as early as 5- 10 min after the start of continuous perfusion of the

neuron with a-toxins and a maximal blockade was observed within 50.70

min. Although there was maximal attenuation of the mcoti responses.

the g;utamatetgic response, as measured by the currents evoked by NMDA,

remained unalterec (see Fig. 6F). Washing the neurons with toxin-free

physiological solution for 1-2 hr did not re,;ult in any recovery of the

responses, thus indicating the occurrence of a long-lasting block by these

toxins. The nicotinic responses were blocked by neuronal GT at 0.01-0.03

uM, although no b:ock was evident at 0.003 pM. The blockade began

sooncr than with the a-toxins, i.e., within 5 min, and maximal block could

be attained within 30 min. However, sim"Jar to the time course of a-toxin

inhibition, no recovery of the responses from neuronal 8GT inhibition was

obtained within 1-2 hr of washing of the neurons with toxin-free sof'ztions.

Effect of-Methvllvcaconitine., Met.hyllycaconitine OMWAJ, a neurotoxin

extracted from the seeds of Delphinium brownil that selectively inhibit,%

I'1slla-BGT binding in brain membranes (20), was a to block the

responses of both ACh and AnTX at picomolar concentrations (data not

shown). Indeed. I nM MLA induced a rapid and complete block of AnTX

responses (Fig. 6C) within 3-5 min of perfusion of the nAons, and the

block was completely reversed upon wash within 10-20 mm.
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1+ .Anatoxin-a 10 pM

250 m~oe

(+ lAnatoxin-a + d-Tubocurarine 20 pM

FIG. 5. Sample whole-cell currents evoked by 10 pM C +)anatoxin-a
before (top trace) and after (bottom trace) perfusioti of the neuron (20-days
old) with 20 pM d-tubocurarine Ior 5 min. Note the transformation' of the
(+)anatoxin-a current waveform from a single sharp peak to two diffused
peaks.

Voltage Sensitivity of DLcetinic Currents. A striking feature

obs:oved in this study was the occurrence in all neuronal cells sampled of

;iward rectification of the nicotinic ACh currents. A typical experiment

shown in Figure 7 illustrates the action of AnTX on the neuronal nAChR.

At holding notentiais from 0 to .100 mV, there was a graded voltage.

dependent increase in the peak amplitude of tho AnTX.evoked currer.tu.
while at positive potentials of up to 80 mV, smeller outward currents were

observed (Fig. 7). Although most of the experiments were carried out with

AnTXo similar results were obtained with ACh. On the cther hand. it has

been noted that the miniature synaptic currents and currents evoked by IN

NMDA and GABA applied to the same neurons did not show any inward

rec:iftcation.

I
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A n

B E

C F

FIG. 6. Effect of neuronal bungarotoxin (neuronal BGT1. 0.02.uM (A

& B), methyllycaconitine, 0.001 uM (C) and a-BGT, 0.3.mM WD-F) on agonist

evoked whole-cell currents at -50 mV. Hippocampal cultures grown for 17-

42 days were used. Different pane!s are: A. (+ )Anatoxim-a (10{iM) 17 min

after neuronal BGT; B. Acetylcholine (100 pM) 15 mi after neuonal 3GT;

C. Acetylcholine 4 min after methyllycaconotine; D. (+)Anatxin-a 50 min

after a-BGT; E. Acetyicholine 55 min after a-BGT; F. NMDA (20p•M) and

olycine (1 pM) 70 min after aBGT. For each of the pa.M•s. the bottom

trace represent.s control and the top trace after toxin t. eatment. Calibration:

Horizontal bar - 250 msec (A-F); Vertical bar - 50 pk (A-Es and 300 pA

(F).

The results presAnted here clearly demonstrate the existence of a

functional subtype of nAChR in fetal hippocampal w•eons maintained as

primary cultures. Ionic currents were measured from these neurons at early

stages of culture (7-14 days) using the whole-cell patch technique and a

drug delivery system incorpoi Atin" a 'U'-tube for fast perhu±ion. The

I.

.1,
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FIG. 7. I-V plot of (+-)anatoxin-a (0 pM)-evoked whole-cell currents.

Data were obtained from a single representative hippocampal neuron grown
in culture for 22 days. External solution had Na* and the internal pipet
solution had Cs* as the majUri cjtions. respectively (see methods for further

details). The inward r.urrer,.s were larger than the outward currents, and
a similar pattern war observed in all the neurons (at least 10) tested under

these conditions.

pattern of agonist-evcked whole-cell currents, their sensitivity to

antagonists and their dependenre on voltage suggest tl,.it the nAChR of

fetzl hippocampal neurons do not fit into the category of other known

subtypes of native nAChR.

ldtt~i ntI!ifiratgn !fthe nAChRF of HgQucan ljeflron.
The chonergic neurotransmrtter. ACh. elicited whole-cs It currents when

applied to the hippocampal neurons. Since ACh can activate both nicotinic

and muscarnic receptors, the abo•ve currents could have originated from

either receptor type. The inability of atropine (0.2-1 pM) to block these

currents and their rapid onset rules out the involvement of muscarinic

component. Furthermore. the mote selective nicotinic agonists (-nicotine
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"(21) and (+)anatoxin-a (17) evoked similar currents. The rank order of

, *;0 j potency AnTX > (-)nicotine > ACh > ( +) nicotine is ais in general agreement

with that observed in the muscle nAChR (17,21).

"Additional support for the nicotinic nature of the agonist-evoked

currents came from the antagonist studies. The currents were blocked by

both reversible and irreversible nicotinic antagonists but not by glutamate0
receptor blockers. The reason bicuculline produced a marginal blockade of

AnTX response remains to be elucidated. This could have been due to an

ion channel blocking effect or to a partially competitive action of the drug

as has been shown at the insect nAChR (22).

*) One of the unsettled issues in the field of nicotknic pharmacology is

the functional significance of the a-BGT binding sites found in different

regions of the mammalian brain including the hippocampus (1,3,23). Except

for two isolated reports on rat inferior colliculus (24) and cerebellum (25).

* most of the studies disclosed an a-BG'r insensitive newonal nAChR in the

mammalian CNS. Our findings, on the other hand. show that ac-BGT was

able to inhibit the nicotinic currents, revealing functional nAChR status for

the previously identified a-BGT binding domains in hippcampal neurons

(12.23). Indirect but convincing evidence for the presence of a-BGT

/ sensitive nAChR in hipoocampal neurons also came iorn thi. MLA results.

MLA inhibited both ACh and AnTX responses at a concentration which has

been shown recently to inhibit the binding of [I'1"-SBGT from rat brain

membranes (201. These results as well as or earlier finding that

* a-cobratoxin inhibited the nicotinic currents (141 are in line with a recent

report that an a7-subunit can express an aBGT sepsitrve functional nAChR

in Xeoropus oocytes (26). However, the observation that AnTX-induced

currents were also blocked by neuronal BGT is most interesting, even

* though such a condition is not without precedence. For instance, insect

(cockroach) r.AChR is blocked by both a- and g-8kT 127).

Lu•ut.i.l Properties of nAChR of Hmooocamnal Neurons- At least

two major propef ties were clearly evident from the wtiole-celf currents. The

first one is the fast inactivation of the currents dwuong the continued
0

.i0 -

*. o
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presence of AnTX (.•_ 10 pM), (-)nicotine (Z 100 p'M? and ACh (; 500

pM). However, because of the complication of the two peaks observed in

some neurons, no attempt has been made to characterize the inactivation

process further in this study. The second property is related to the voltage

dependence of the nicotinic currents. The whole-cell currents evoked by

either AnTX or ACh showed inward rectification, a property shared by many

ganglionic-type nAChR preparations (9.28). It may nor be surprising that

the nAChR of the hippocampal neurons exhibited this characteristic

phenomenon, particularly because these receptors were also blockfed by

ganglionic type antagonists such as mecamylamine and neuronal BGT.

Ontocenic Reaulation of nAChR of Hionocamorl Neurons in vitro.

The use of cultures grown at various stagcs provided some valuable

information regarding the developmental regulation of nAChR ;n vitro. One

aspect was related to the onset of expression of nAChR in hippocamoal

cultures. Our studies revealed that nAChR sensitivity could be detected at

day 6 after plating the neurons, even though the percentage of cells

showing responses was lower. Since our criteria for defining ACh-

sensitivity was to record at least 10 pA current peaks, we could have easily

missed those neurons expressing very few nAChR. Further studies are now

in progress to improve the detection of nAChR sensitivity at early stages of

hipoocampal neuron development both in vitro and in vivo condition. The

second aspect pertains to the quantity of expression of nAChR in these

neurons. Certainly, the amplitude of AnTX-evoked currents increased with

number of days of growth of neurons in culture. However, which aspects

of the neuron, the soma. the dendrites, or the synaptic inputs contributed

to the increased nicotinic sensitivity is currently un.lear and therefore is

b~eing investigated. Interestingly, the nimber of oBGT-binding sites has also

been reported to increase plong with the number of days of growth in

cutture (12).

DensIity Distiuin ofLnAch8AofinhWDatn LNrD=f.n The pattern
of ,hole-cell current waveforms obtained in the presence of different

agonists may give some insight into the location of nAChR in hippocampal
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neurons. At low concentrations of the agonists, the responses were

* diffused and had more than one peak in the currents. When the

concentration was raised, there was more synchronization, and sharp

"currents were observed. This pattern suggests that the AChR are scattered

in patches of high and low density over different regions such as the soma

..• and dendritic branches (29). Accordingly, at low concentration of the

agonist, when there is a low probability of channel opening. the currents did

not synchronize. At high concentrations, the channel opening probability

increased, resulting in summation of the single channel currents to yield a

large macroscopic response with a single pea. Also, decreasing the

* channel openings by use of a competitive blocking agent such as d-TC

(Fig. 5) produced similar results, thus supporting the above view. More

experiments using focal application of the agonists are expected to yield a1
better estimate of the relative distribution of nAChR at different parts of the

Srneuron.

In conclusion, the nAChR of the hippocanpal neurons appears to

exhibit a voltage-dependent gating property, and has the pharmacological

characteristics of both muscle type (a-BGT senstivel and ganglionic type

(neuronal BGT-sensitive) receptors. The subtype of a-subunit responsible

for the observed pharmacology of nAChR in hirwocampal neurons remains

obscure. But it appears more than coincidental that the nAChR of fetal

hippocampal neurons (as seer. in this study) and that expressed by a7

subunit in Xenopus oocytes (26) exhibited similr properties such as fast

* inactivation, rectification and a-BGT sensitivity.
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SUMMARY
MAe thyllycaconi tine, a tuxin isolated from thle seeds of Delphinium the right in fetal rat hippocampal neurons, suggesting a possible
brownii, inhibited acetylcholine- and anatoxin-induced whole-cell competitive mode of action for this toxin. Remarkably low con-
currents in cultured fetal rat hippocampal neurons, at picon'olar centrations of methyllycaconitine (1-1000 fm) decreased the

0concentrations. This antagonism was specific. concentration de- frequency of anatoxin-induced single-channel openings, with no
pendent, reversible, and vo'tage independent. Furthermore, detectable decrease in the mean channel open time. These
methyllycaconitine inhibited 1251 -r-bungatotoxin binding to adult actions of methyllycaconitine commend this neurotoxin for the
rat tiipporampal membranes, protected against the 4r-bungaro- characterization of the it-bungarotoxin-sensitive subclass of neu-
toxin-induced pseudoirreversiblo blrickaJ;? of nicotinic currents, ronal nicotinic receptors, which has hitherto eluded functional
and shifted the concentration-respionse curve of acetylchoiine to demonstration.

The characterization of the periphrral nAlChR has been of tile nAkChRl diversity in tile mainnialian CNS has beeni
greatly enhanced by the availability of potent, and selective Ce)ilord in thle present study.
p )robes such as e(.i3GT (1)and hisýtrtnicfiatoxin (2). lIn the CNS, NMLA (see Fig. 1, inset, for structure), a toxin isolated from
the study of the nAChIt is complicati-d !by thle existence of the seeds of Declphinzium brouini, has nAChlt antagonist prop-
Multiple subtypes (3), for which specific phartiacoiogical er1 ies (1n, 1)Thsnovel alkaloid inhibits potently '"1.ri.BG'1'
probes have not yet beens identified. Most of thle binding studiel; binding to brain menibranes, in contrast to its weaker interic-
have rplied upon 1 21-a-BGT and high affinity nAChlt ligands tioji with nieuronal nAChR. identiried by ['lijoicotine biinding,
such as f'lljnicotine. I'lHIACii andi [llicytisine (4-7). which and with mnuscle nAlChlt (6, 17). B~ecause oif the high affinity
helped to discriminate two subtypes of ilAChil in filie brain. miad sekect~ivit y of MbA for thie neiroiinl it-WIIT-selnsitive

* ~The physiological significance of the lriudiaig sites labeled by iiAChil, we have inivesigte t~icl te act ionas of ML A onl the
in-li T in thle ima nmalIian bra in (.I) remainea id obscure, heca use niAChI of rat. tiippocama napti erons, uising whole -cell antd sill.

a functional nAClilt, sensitive to thi,; toxin,. could not he gic-channel recordings 1s well as binding assays. Our results
dleinonstraited for several years. Indeed, funictionaal tiAC'lilt clearly demonstrate that MILA is a potent, and specific antago-
identified on thle retinal ganiglion cells (8), hiypuphsyseial neuronis hist of (lie ait- BGl-seniisLive nAlChlt of cultured hiippocanipal
(9). and hilbenuia neurons (10() were fiounld (o) be insenisitive tI) 11eurOtns.
the blocking action of n-f11.Recent A~tidles, however, have
providled important evidenice that the nicotiiic respiiiisen were Materials and Methods
blocked by o-liC'f in, rat hippocKainpalt (11-13) aini cerebell~ar
lieu ron s ( 14 ), tn'os suipjpo rti ii x hle idea t I i .it I hie it- I H( xlT I itni Ii ii g i~ K- i t illw aaai 1 f, I tises 11art at i iaetl r; ca" 7 7- I H-daly haraigl ant mul (Spra -
protein is a fo icctiontail n AClilt. The ic h* IVprtlesis h(1t.11~ idet l. 1iw0")aWlcey were aiticiaccailc a- :ccrdiccg tot (lie prcacedacre dexwrilled

cation of specific antagonists will ndyntice thle uaiderstaiadnig liei~~ I 13. 'thle reltts were j'hiieil ait a alelmity of r,4il.Xt.701ltX?
cel:-&i'/a(ini 35j -., lion cult ure aliAl kPIA wlit ~ca were I Irecoat ed with ciallaiell.

4 'I1i, -4 A '"~r WotH 61V -11"114 lYarrott~ l fAyc ili* fi-aaii llw INna~ara i,.IItr I'i can'ors Wert-, a-W iat 12-tSil dAve atlter ple1 iciig. l(eicrdmgali of wilole-

liallhnaIIItat~~ i N41 IC), IAd Mthe 1 klw.l '51!itviw At v , 0iaa 1.t cacma-4a 111-0( U~ieI14.aa~ce'n I.1.lat 7 jatl eaip splan eetr

(tG57,Ui-T N I (S~. W ), And, NA'1l) IS. W., .X A~l. pcalution Itall tile fcclbluaw -on~caalrilopitio liiit itiim): NcCi I65. 1(CI, 5S;

ABBREVIATIONS: nA~hfi, nicotimocl acetylci'rrch s -tneceplorts); AoTX. 4 ) ansatolcn-a; ACh. iscetylchohne: *a-HGT 4t-buixql~lsn netA Ostyly
* conihoine HEPES, 4-(2-hydromyelhyl)-.1.)ur)s!rair ?4Nhag's-uiionc ac~d. FIGTA. etiifelyln cIycol be.(i~isamavroelty eltii) N,NN',N'-Ietraacelcc acid; d

TC. ii ltrloruriranri: CN5,cr.!r ifttyrviuS sy',icni, GArtA. ) -anunotttx~ytir acsl,. NMaOAN~'lv.-~aii



MLA Bletcks Hippocamnpal nAChR 803

-I *,mK - 5.m ii 1t iti - .1T . 17 patch configuraiom was estabiiskaed, the recording micropipette was
positioned inside a gLass minipipe, thxuugh which all drugs were deliv-
ered. The data were st,,red on a videocassette tape, filtered at 2 kflz
(Bessel), digitized &L 12.5 kHz. and analyzed on an IBM computer,
using the IPROC-2 pr,.grarn (Axon Instruments). The frequency of
channel openinip was diztermined by dividing tile total number of
o)penings by the reciorded time. A multiple opening was considered as

Ar sl ýi1i (1 .404 "A to6I iii'- 601 two opening ev-ents for the calculation of the freq'aency.
Washed 1'2 moemliranes were prepared;, as described previously (6),

frurn hippocarnpi diisected from the brains of adult male Sprague-I ltawlev rats, to evaluate the binding of MIA to the nAClill. Aliquots
(0.5 till, approximtelty 0.5 mg of protein, in 50 mm phosphate buffer,
fil 7.4, containing 0. 1 mms phersylmethylsulfonyl fluoride, 0.01% so-

AM 1160.M AOh (00O,44 WA (*A8 11,l AC- 1i0OMi dium azide, sand I ,sii F('TA) were incubated with 10 Mil of MLA or
competing ligand for MS min before addition of 1

25
1-v-B31T. Incubation

Ode was continued for 2.5 hr at 30'; bound and free radioligand -mere
". 4;r separated iiy certirifigatiorl (6). Nonsoecific binding, determined in the

~ ~.presence of I ,.u unlabheled tv-BGT', was subtracted from thle total
L_ ni nding measured.

Fig. 1. Samples of whole-cell current recordings evoked by the nlicotinlic Results and Discussion
agonists AnTX and ACh in the absence and in the presence of MLA.
Fetal tippocampal neurons grown in culture for 32-34 days were used. Previous work from this laboratory (11-13) indicated that
Holding potenttal, -50 mV. Traces in the top row, a typical control
experiment. Solid line in the first trace, duration of the pulse used to AnTX and ACh are a~ble to activate nAChR of fetal rat hippo-
apply the agonist. A gradual rundown in the amplitude of the responses campal neurons. In the present study, we tested the effect-of
induced by AnTX was seen in the absence of any test drug over a period MLA on ACh- and AtiTXactivated whole-cell currents in fetal
of 30 min. A similar rundown was also observed with ACh. Ahiddi& and hippocampal neurons at agonist concentrations that were found
bottom rows, experiments in which the neuron was exposed to a !aimilar earlier to evoke 43-6-i"% of the maximal responses. At 600 phi,
pulse of AnTX (51um) or ACh (100 1,m) I mmn after the patch was obtained,
12 min after perfusion with 0.6 nk4 MLA. and 15 min after wash of the MLA markedly depisessed the whole-cell currents evoked by
cell with normal external solution. The peak amplitude recorded 15 min either AnTX (5 otu) or ACh (100 Am) (Fig. 1). The blockade
after MLA was washed out (middle and bottom rows) is similar to that could he detected at 2 min, and it. reached a maximum within
observed under control conditions 27 min after the patch was obtained. 10 min of perfusion of the neurons with NILA-containing
inset, structure of MLA. extfernal solution. The slowrtessof blockade ('-10 min) obtained

CaCI2. 2; HEPES, "; n-glucosre, 10 (pH 7.3, 3-10 mOsm); plus tetrurlo- with picornolar coaret:nt rations (1004300 pm) o. MLA could be
toxin (0.3,.m) and atropine (1 .m). The in~ernaa solution consisted ýif attributcil to ti.e tinie taken by NUiTA to reach equilibrium
(in mtt): C~sCI. 80; CsF. 80; Cs-FGTA, 10: and HEPES, 10 (rill 7.,3. 130 coticentrations wh~en applied via the external perfusion me-
m~sm). The patch microelectrodes were pulled from bor silicate cap. ditini. WVhen nanomolar concentrations (1-10 ont) of MILA were
iliary glass and, when Niled with the internal solution, had tesistainces ~voi h e~sossltoi.to estm 56m )t

between 1.5 and 4 MOQ. The seal resistances rangrd from 10 to '.0 (dl. aciv opeeblcaeo 1-ad Xidcdcr

The series resistance of the patches was between 5Sand 15 W1 And~5rnt s. waScieeacmniplas wen lckd (if MA was applnXie dcd togth r-wt

not compensated; the voltage dro-, caused by the series resistance never rns iialwu l. L a ple oehrwt

exceeded 5 mV in these experiments. Whole-cel: current-. were Analyzed ACh (100 jim) inl shoit pulses of 1-2-sec duration, through the
using the pCLAMP prngram (A.-on lnstniments. Poster City, CA). A U tube, almost complete blockade couldl be seen immediately,
U tube positioned close to the neuron (=50 wrn) allowed fast deliverY even at the first puksu, thus indicating that thre onset of MLA
of agonists to both thle cell soma and dendritet. (19). The solutioin action is rapid ind ditftsicon limited. Reversal uf MILA blockade
exchange time constant, As measureo using stodium ion concentration (induced by either picomolar bath concentrations or a short
jumps in the presence of kninic acid ('20). was <25 miec. Increasingr the pulse of micrrwnoiar concentrations) was seen 8-15 min after
inflow and decreasing the outflow of the solution from the 11 tubie were tie neurons ivere washed with normnl external solution. Fl-ow-
found to reduce the time co)nitant. However, to avoid A possible ever, it was freqwnetly observed that the peak amplitude of
ilesensitizaation caused bly a leAk of the agonist from the Uitihelw the w oeelctrnisdigthwihpaewamie hn
outflow was always kept at leAst 3 times; larzer thtan the inflow. Also, wholinte orelcl ctrrntstbriing (Fhe 1),s evehwhn te was mlething
the aigonist pulses were Applied at intervals of 2 min or more, which ta ntecnrdc~dto Fg ) vnwe h ahn
permitted a complete recovery of the nAChRt from the desenstitizati',n was continued furthi-r. Although the peak current was niot
indlired Iiy a previous pulste of the agon~i~t. The finth %olittiimn wni r rrioret to lirte-MLA levrls, it reached levels comparable to
exchanged continuously at 2 mI/min, by mneans oif gravity. MLA citrate control recorthiacs at the etliitocfent titme after a patch was
was a gift fiom D~r, M. H. lienn ltDrptrtment ofChemnistirv, tiiiverr'ty oliltined (F-ig. 1). T"hisrefore, thc blocking action of MILA could
of Cil~gnry, Alberta, Canada). ML.A was dissolved in ileminniei water fii be considered comrpli-fcly reversible tunder these experimnental
make a stock solution of I mm And wast kept frocen in -tintll milijqmmtq cotiditions.,
On the dayofexiperiment. required final dillitiinns wvere miiile in externiol MI.A bliickanle was found to lie specific to flth, nAChR of
soluation. MILA was Applied to the nem irons t Iirumigh tilie toathIing ex"t irr al I ippocarnipal niexars'nti. At coneno Irat iton a that cntr pletei y
(1 itoui on manlesis oithlerwise st uiteil. All es pCI men ts were tier Cmioromei it;If t i'ickd A nrX -tiniolk-l currents MA, i promduicedl tno mod ifica -

room tempieratuire (20J-22'),
Sirmgle-channel curerents were reiroemfed forom omatsislu-oiat pitrlmes lioti of resloissq. to NMDA. (rptisrqualmte, kainafe, or (AIIA

excisied ftrom thle cultulred fetal rat h1ImpurampAl neulrons1. Ithmuitseriinl (Fig~. 2). Ins frt". fivt whenf MI.A was fested At tocnret rat tion

anid internal roilittinns had the %time rnnotimitilon asi thise iisedi n lipf to l(t) tim, the reslsnnses of the' nettrons; to NM1)A (Fig. :1,

whole-cell experiments, except that r-0 mm nI..aminuitihiis4ti~hrnovAlerrc hIl~itoiif and to oitse glutamate And GAIIA receptor agottists
Acidt was alsNo Auided Itao th1e external nieithium. After the oatitolie-tiat were unr.iterenl.
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Fig. 3. Top, roncentration-response curve for the nicotinic agoinist s ACh
_________________________________________ and AnTX. The rundown problems were minimized by collecting data at

10 min or more aftes t he patch was eiitablished and by using a sequence
Fig. 2. Samples of whole-cell current recoro;ngs evoked by floOnic.otiitc: of !ow to high concentrations of the agonist in eacri of the neurons. At
agonists in t he atosence and in the presence of 1 nu ML-A. AlN traces the end of the series of agonist applications the low agonist pulse was
were obtained from a singte fetal hippocampAl neuron grown in culture repeated, and it the response to this concentration changed by >15%.
for 28 days. Holding potential. -50 mV. Loll traces, control conditions from the initial level the cells were discarded. The peak whole-coll

*obtained at 5, 7. 9, and I11 min (top to bottom, respectively) after the currents were normai~zed with respect to the maximoal current evoked
patch was established. Right Itaces, recordings made 12. 14. t6. and by euac agoinst. Fetal hippocampal neurons grown in culture for 21-35
18 min (top to bottom, respectively) af'er perluwin with I nu MLA days were used. Holding potential. -50 nmV Symbols, mean values
Glycirie (1 sm~) was added together with NMDA, whereas 20 iom t)L obtained from two neurons in the case of AnTX and mean ± standard
amirnophosphonovaleric acid was added to boih quisqualate and kainate error values obtained fromt five neurons in case of ACh. Bottom, concen-
solutionts. AnTX (5 pm)-evoked c-jrrenls in tb's neuron recorded 3 and~ tration-dependent inhibtion by MLA of whole-cell currents evoked by
13 min after the patch was estabished were completely blocked at 8- 100p ACh, 5 um AnTX, and 20,,im NMOA plus 1 jwu glycine. Holding
10 min after perfusion with 1 nho MLA (traces not shown here). potential. -50 mV. In each neuron, after the control responses were

obtained the agonist pulse wias repeated under continuous perfusion

The atue o theantagoismexhibited by NMLA was fu rther with MLA (the lowest concentration first), for a period of 10-12 min,
'rhenatue ofthe ntagnismwhich was followed by washing with normal external solution for at feast

studied at different agonist and anutgonist conceittrmitiois. 15 min. At !his time, the agonist response of the cell was sampled once
Initially, the dose- response relatijonships fur ACli and AnTIX mcre. In stabte preparations, the next concentration of MLA was applied,

were established to select the right raoige for the agonists in followed by wash and so on. In the most successful cases, three

the subiseq~uent studies. AnTX (Fig. 3s, top) and ACh (Figs. :3, concentrations of MLA could be tested on the same neuron. The peak
currents in the piesence of MLA were compared with respect to pre-

fop), and 4, top) both evoked a concentrat ion-dependent, intcrealse MLA and wash-phase currents, to account for th normal rundown ot
in the whcle-cell current ampiimtude. TIhe NC,~ and thme sloipe the response. The number of neuons studied was seven for ACti. three
Values obtained from the Ihill plots of these dala were1 3 iM mid for AnTX, andJ two for NMOA. and the cefis were grown in culture for
1:31 for AnTX and 12G wMi~ and 1.34 for ACh. resliictivel 'v. 20-40 days. T'he IC,0 values tnr MLA, as determined from Hillplots using

AnTX was found to be '12-fold mtore ptitent, than AChi on the thie averacle values shown in thiis figure. were 110 pm and 204 pm for

baisis of their EC,.. vithies, which in cltise to earlier es~twirno AnXadAsrseciey

(12). T(he desensitization of the current~s seen duiriing a short ent blockade of whole-crell currents evoked bvy Ajax (s Mh)

pulse of either ACII or AnTX was pro'ufotnd Pt high agonist and ACh MlXl) phM) wmis observed when the neurons were per.
concentitrationis. This dlesensitiz~ation coi''ld hmave resultcd ini iAn fused with MLA (0.1-1 am) (Fig. 3, bolfunn). MLA blocked
undere'stinmation of the peak arnglitudir of whole-cell currents AnTX and ACh responses with comparable ICU, values of 110
at higher concent rations of agonixtit wid nmay explaini lite iml- ~m mind 2014 pm, respectively.

served slope vialues (1.l1 and 1.34), whic-h are lower thati iine To itive~ttigmute tie mnechanisin of blockade by MLA, we

would expect for the miAClilt. A inmmrkcd Ciii~ciittriitiiiii-flteiinl- studied its effect Ott the various parameters of the whole-cell



MILA Skicks Hipptocampal nAChR 805

currents evoked by ACh at concentrations that fell in the linear
A~k LAI) segment of the dose-response curve. Fig. 4 (top) shows a typical

experiment in which MLA inhibition can be seen at a wide
range of agonist coi-.entrat ions. T'he plot of the logarithm of

I agonist concentratit.ns versus normalized peak amplitudes of
-~ the whole-cell curreoissindicates ashift. tot the right in the curve

for ACh ini thle prese!nce of 150 pmt MLA (Fig. 4, nziddle), but
Ila in a noniparallel manner. Also, the maximal response to ACh

could niot he attainted by increaising the agonist concentration
further (data not shown). Even though these results are suigges-

k - W tive of a noncomnpetitive mode of action for MLA, such as slo~w
open chaninel blockade or a change in the agonist-induced
desensitization, a esoirpetitive action cannot be ruled out. It is
unlikelv that MLA is an opien channel blocker, because this
toxin was a more efiecctive antagonist when applied before the
a.gonist than as an admixture wit~h the agonist. If one assumes
that MLA blocks ,the nicotinic currents via enhancement of
ag"onist-induiced de'sitasitization', one would expect a significant

too _________________ ;fncrease in the decav rate ofi the currents. However, such an
0 ULA (IS lU r ffect was not obs.ered under our experimental conditions (see

so 0 -s rie L Fig-. 4, top). This du.es not preclude the possibility that MLA
V d-Ctie (1,M ifl caSes an agonist-induced desensitization that is too rapid to

di~ / he dletected in the dc~tiy phase of the cuirrents.

Th q~e ion remains of hlow a putative competitive blocking
a,-ntcotldshit heconcent ration- response curve ofthe ago-

20 nist to thle right in a nonparallel manner anid decrease the
* manximal response. Ti ns conditirn could occur if one assumes

-4 - -4 3 -. that MIA dissociates slowly from its binding site or the
L"j (ACN (W) nAtChRl, such that the rate of agonist-induced desensitization

overcomes tbe rate of dissociation of the toxin from the recep-
0- OAVW.~PU) tor. Different inrd irect approaches have been taken to test this

'~0-0 .. x-.0 it, assumption. The first was to verify whether a reversible com-
0 / etitive agent would behavoe in n manner similkr to that of/ MLA. ~~~~To this end. we applied ri-TC (10 givmi h ahn

* solution, before ft-stivg a pillse of ACh. Th1e whole-cell currents
* evoked tiy ACh had a slow rise time after d-TC (data not

2 ~ n shown), compared with conir-tA, which could be predicted for a
raiidi!y reversib~le coaipetitive blocker. However, the concentra-

o -. O-~tion-n-rupotise curve of ACh wais shifted to thie rig-ht byv d-TC in

I" J~ (W a oparaillel mantier, an unexpected phenomenon for a comn-
petitive blocking agenit. Assuming that the reported open cbrin-

Fig. 4. Top, samples of whole-cell current recordtngs evok~ed by graded nel bilocking action of d-TC (21. 22) was niot a confounding
concentrations of ACh in the absence at MLA aod alter exposure of a factor in these experitnents, these resuils indicate that the peak
single neuron (24 days in culture) to 150 pAA MLA. In each pair at traces, wliile-cell current m,.aturement may not be anl ideiti indicator
the smaller ones were obtained at 12-20 min atter perfusion with MLA to illustrate thle crimielitive nature nf tin antagonist, using thle
(i.e., -20-28 min after the patch was obtained) and the larger ones were
obtained after 15-23 min of washing the neuron with normal external ratiiill dlCzensili7ing nicotinic whole-cell current of hippocam-
solution (i.e., -43-51. min after the patch). tHold~ng ponteial, -50 mV. pal neurrons. Tlierefwre, in the second approach, wve tised the
Middle. coricentration-re~ponse curve for ACh atter perfusion ot the initial rate of rise of the currents instead of the peak whole-cell
neurons either with MLA (150 pm) tor 12 min or with d-TC (10 pm) for 12 currents tio quantify the data, because in this method there is
mn.a followed by a wash with normat external solution for at least 15 min esitreec mnnaoit-nue eestzto.Tu e
in each case (protocol Samre ds above). Holding potential. -50 mV. Fetal lesitrrnc oaans-ndcddsni zto.Thr-
hippocampal neurons grown for 22-24 days were used. The number of suits obmtainedf in liii., manner showed that NILA was able to
neurons was two for MLA and one tor d-TC, The currents obtained shlift thle conccnft ratitm- rcs'poinse curve of AChi to the right in a
during the wash phase with 300 om ACh were estimated to he 75% of pairamllel manner (Fig- 4. boittoin), which is comnpltilile with a
the maximal response (in the d-TC expermo icit) and wdth 600 pm ACh. colrtet ifvtivo uxh of 'Iction.
about 90% of the maximal response (in the MLA e!xperimen!), based Tealnni;nb L fAheoe hl-elcretupon the control dose-res~ponse curve shown in Fr). 3. lop The data FuangoimyMl.ofA -eodwhlcllcrnt
points in the MLA or d-TC groupos were normaliped with respect to tte Wasl voltilge indt-penrli-nIs (Fig. 5) over thle range of -t1t0 to +80
maximum response obtained during) the wash phase. A similar pattern roy, .uumgemstin.g forthi-tr that NMLA dlies tnot initeract with sites
of nonparallel shift in the dose-response curves of ACh was seen in
anottie three neurons (data not includled here) Bottomr, concentiration-
response curve tor' ACh afteir perfusion cl another neuron (54 days in fit amplitude by the time cwstanif of the rising phase. The rising phase
culture) with 150 pu MLA, uiJnq' a protocol similar to that described oftthe current wasfit to -. geexponenitiatlfunction using theCLAMPFIT
abo~ve. In this experiment, MLA (150 pm) was also included in the agonist program (IPCLAMP). Furmer delamts of the calculation at the initial rate of
Solutions, as indicated. Initial rate of rise was calculated by dividing thie rise wilt be published etsi volhee.
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located inside the ion channel. Similar voltage-independenlt1 5] GTcnetain(M

action for MLA has been found at. thle nvuronal nAClIdt of the Fig. 6.A, Nicotincliaindinteraction inadult rathippocampal membranes.
Serial dilutions of ,r-cobitatoxin (A), MLA (0). and AnTX (A) were corn-

cockroach 1Perrpb-zneta amtericanaz (23). T[he ability of MLA to pared for theeir abilities to inhibit the binding of '"`!-ri-BGT (1 nsi) to adult
inhibit .. rl-cr-BGT binding to adult rat hipploCal:npa~l rIMrei- rat hippocampal membranes. Results are the mean ± standard error of
branes (Fig. GA) (W, = 4.3 nm) is also consistent with a coin- Oupl"cae mndfopendent assays. lC1 values (decived by linear regression
petitive inode of action. M LA was equipof exrt withar-cirlratoxori of Hill plats) were 6.5 nu. 13 nu, and 0.96 ym for wT-cotixatoxin, MLA,

K-2.5 irM) and 2 orders of miagnitude more polreiiL than the and AnTX. respectively. 8. Representative saturation binding assays for
eK At.,,-BGT binditng to adult rat hippocampat membranes in the absence

agonist AnTlX (K, - 0.32 um). Comparied with its blockade of (0) and presence (0) of 10 nm MLA. :nset. Scatchard Analysis of the
agonist-evoked wholeacel! currents, MLA is morre than I order curves shown in B.
of miignitude less potent in the binding a-ýsay. lThis discrepancy
is likely to reflect, technical differences, as well as difference% the smake toxin was decreased in the presence of MIA (/<,,
in the tissue preparations used. There i- precedent for subt~le control, (1.54 ± 0.13 wM; ist the presence of MI.A, 1.89 ± 0.22
differences betweeni adult aind fet-al forni-r of zrA(1r1 in iiuscle nINI).
(24), and simiat nr develo pmrenrtal chbianges may aliso) rrro:r itl Toi deeainteiiii wherther I his ciiimpetitive intteraict ion is relevantt
neurons. Saturration binding assays fur ''l-(r- l(G1 bloiimiig to to tile fiuictionial blockade achieved by MIA. we evaluated
hippocampaf membranies were carried oit. in the piresenrce mid whether NILA coild protect r~gainst the long-lastiing inhibition
in the absence of MIA. at. a concent~rriion (10 nm) ap~prirsi- (of agoisist-evoked whole-cell currenits induced by v.WBGT inl
mrating its IC,,. value in the curmnpctit ioi brininhig assay. MLA hiijrX711ocaiorl neurons (12). l'rciticulration of the cultures witht
shifted the binding curve tot thle right, ",it hoot depreqsinig tire Ip aMM ' for GiO min resulted itt a rignificant (lecreilse inl
plateau value (Fig. 611l), and this is clearly dern -mms rated in the tile sensitivity (if thle neuronts to AnTX, wihen tested duiring thle
Scatchard plot (Fig. 611, inret ). Tire Mraximnal riuinirer oif "li-ae* subsequenit 2-hr wash peCriod. For iist~titice, Illeanl ± standilrd
BGr binding sites, wits unchanged (U .control, 51.1 ± 4.7; erro~r peak current evoked by' 10 pim AnTX under control
MI.A 5ts.: ± 1.2 finol/mg of protein), whereas lthe aiffinity for conitioslitiiiwas 161 :137 pA (it 7 neuirons), whereas that
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obtained after incubation with I p.m o-RGT was 12 ±2 pA (n
-14 neurons), indicating that the blockade caused by this toxin AnTX it v?^. cmitra

was not reversed during the wash phase. On the other hand,
when the cultures were expoped to nI rm LA for 75 min:and
then washed with normal external solution for 15 min beforec?
the experiment was conducted, we obtained a mean current ul'
108 ± 44 pA (It = 4 neurons), which wits almost indistinguiisli-
abe from that (if the control group, as would he expected if thle V
M LA effect was completely reversibie (Fig. 1). 1 lowever, when
the cultures were exposed to 1 nNf NLA for 15 iain before rY- B AMTX 11 ipMl + PALA 110 (M

1G10T, 60 min together with o-BGT, and 15 rain after the
combination, followed by a IS-mmn wash with normal external
solution, there was a significant recovery of the AnTX response -

during the wash phase: the mean peak current of 102 ± 41 pA
(n = 8 neurons) was compirabie to that observed after preitt-

cubation with MLA alone. These results suggest that .NILA and
ea-13GT have a common site of ection on the nAChR of liinpo-
campal neurons, such that the reve.-sible MLA could protect C AnTX (1 pW wash phase

the receptor from an irrev'ersible blockade caused by ty-BC'P.
Finally, the effectl of MLA was tested on t he nicotinic single-

channel currents recorded from fetal bippocampal neurons,;
using outside-out patch-clamp conditions. At concentrations
between 1 and 1000 fmt, MILA decreasedl signifl~cantly (p <' TY

0.001) the frequency of channel openings (Fig. 7) actiated by
I u~f AnTX in outside-out patches obtained from these neui- Ir
rons. The blocking effect and the recovery wo~re readily obs;erved If P. 70 W
when the patch pipette was immersed in MLA-containing andl
MLA-free external solutions, respect~vely. On the other hand,
MLA seemed to hnve no effect on the mean channel open timec 0
or on the main single-channel conductance. Tlhis suggcsts I hit-
MLA uthibits the nAChR in thle closed con formation, which isr
also consistent with a compet itive action. The conctlt rat ioni of
MILA required to hlock the nAChil waq mutch lower in single- ~ c
channel experiments than in whole-cell current. exeriments,
One possible explanation is the smiall nomber of receptors in
an outside-nut patch. particuilarly in the case of nAChR (if

hippocompal neurons. It is interesting to note that a similar ~ ~
concentration difference between the two techniques was ol,-
ser ved wit h another agent, di-l'f. At I --10 n Ki d- IV, t here was
a 35-75; decrease in thie single-channel openin~g freipienvy. I It) 00 10017 W011,

whereas about 50% blockade of' tile whole-rel I peak cn rrceit s [MLAI WM

wats ob~servedl with I10 pm, at differeince of .3-4 orders oif ituignii Fig. 7. Samples ofsh;L.-Ctannet currents evok~ed by AnTX (1, m) alone
tilde. or in the presence of ULA. Recordminis were made trom an outside-ou!

MIA(liplaed rmarabl hig afiniy ard Jntery, patch obtained - am z f1dal rat hippocampait neuron. A, Control caod-tion;MLA ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~~1 dipae eakbyhg fii n oeci n the presencet cl 41fu MLA: C, during wash phase; D, summary of
I)oth ligand bindling assay% and functional stliiiies, weing corn- ttho etfect ot ditfe~iI concentrations, of MLA (1 -1000' tm) on the tro-

parable to or liefter than the snake y-tox~ins, liit the action oif quciL~cy of channefc~p0_^ roducPd by AnTX. nornialized with tespect

MLA was reversible, like that (if citraritnimetic ilgentsq. NCt- to the contrL ol~ i F ach car represents mean ±standard error

rimnal nAC'hR ltir heterogeneous GO1, and dlist int st iiltyfi(5 caltl obtained from thtee e&Aercnt neurons (age of culture -12-15 days).
P< 0.001.

lie (fiscerned );y high affrinit y [ 'lljnicoitine, neiiroonl (fir k-1
R (.1. rind~l it IW h(1 ind(1in I. FI'l JNi cut; tie siteus haJve! bteen( ten. n A Ci out Ii iptvcr-~pal neiirolls was G orders of' m gnituitde
tat ively ecuurreliufcd withu Iirei'alt ic nA('hIC rsivilimuiiti1o iliipu higheltr. Th'ese m-ulid esftablishl that NILA is mnore subtype
mine r eiruse in rat strintumn (2r)), wherpas niirorital lWTtl tnav1  ~ittitvi' thiitan y!lol,er ilicltitic arli flaoiiit thuls flir identitiedl.
distingttish the siuhitvpe that tirediiutiinatiý fii ;iiitonono gatnglia Th'igstrikicigdis--riautmition is piaallelvd livithe tclatvu iitlling
(26). Itothi of these preparations tire retativi-lY insctlsitiVe li ;iffitiitit's oif INLA C r lthe eglhs/cip~i CAniagoitist site
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froum i it side-out pill chei e xci sedl fonm rtoIa I rti in Yi ulh4 I grown i% tiie bra in ( 28, !41 Tie gene lotning of It tis n A CliI s iht vpe
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rrmtis tiIvuiilbas (ibfa niit Jmiuwtit, whierufia lie 50151isitv ofv t~ iiuit toi ih'iui'rate iliciltiCfn~ctnof-lC scii
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nAChFR in the brain may reflect, in part, the lack of appropriatec 1:1 AracaviJa. Y.. S. S. Deish~titilde, K. I-.Swallson, 11. Rlapoplort, S. \Woniiiiiott,
toolsand relance n a-GT; he lage sze, he slwnes of G. Lunnt, urnd E. X. Albuqiluerqlue. Nicoitinic ocetykchiliiie recepltors ii ciiltured
tool an a eliace n aBGT thelare szethe ,lones of neurons from thle hippocimpus inod brain stein or tie rat chiaracteriz.ed by

action, and the pseudoirreversible nature of cy-BGT limit its single channel recording. FEBS Lett. 222:63-70) (1987).
utilty.MLA asa smllrevrsileand potent antagonist, ma 14. de [Ia Garza, it.. 'r. .1. McCuire, It. Freedmnia, and 13. .1. H uffer. Selectivc

utiity IVLAas smllrevrsile tintaguiliisn of nicotinic actiong inl the rat cerebellum with oalbuniirotoxin.
help to unveil the mystery of brain a-13GT-sensitive nAChll A'curscir'uice 23:887-891 (1987).
(30). Although most of the results- inl this study suggest tha~t 15. -1lrniings, Ký. it., 1). G. Brown, anid 1). 11. Wright, Jr. Methyllyeaconiiine. a1

naltiriully occurring insecticidle with a high affinity for tile insect cholinergicthe novel neurotoxin MLA may have a competitive antagonist receptor. E'xperienlia (Basewl) 412:1311 -61.3 (1986.
interaction at the nAChR of the hippocampal neurons, the 16. Namlui-Aiyar, V., M. 11. Ilenn, T. llIi, J. .IncYnl, S. 11. Htoth. and .1. 1..
limitations of some of the techniques do not p~ermit us to ~ ikisletrnia oi flil~hiiibii'ir(l~. ii t iuko

act ion. E'xjsrierrlia (Basel) 15:13t67- 1:368 (1979).
conclude unequivocally that MLA is acting solely by this mnccl- 17. Ward, J1. M., V. 1B. Cockcroft, G. G. Lunt, F. S. Sinlillie, and S. Woniiacott.
anism. Improved techniques such as very rapid solution ex- Mctlillycaconitine: a selective probe for nvuronal tyliungaroioxinl biinding

change in the whole-cell experiments and the possible use of sites. ~EB.' JA'U. 270:45-48 (19,910).
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investigation into the mechanism of action of this toxin, cell-free membranie patches. Pflngers Arch. 391:85-100 (1981).
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*ABSTRACT
Interactions of the oximes pyridine-2-aldoxime (2-PAM) and 1- potentials. Hl-6 depressed indirect twitch response of the sar-
(2-hydroxyiminomethyl-1 -pyridino)-3-(4-car bamoyl-1 -pyridino)-2- torius muscle, whereas 2-PAM caused a facilitation followed by
oxapropane dichloride (11-1-6), reactivators of phosphorylated depression. Both agents directly hydrolyzed acetylthiocholine, in
acetyicholinesterase enzyme, with the nicotinic acetylcholine re- addition to weakly inhibiting acetylcholinesterase. Our study
ceptor-ion channel complex were studied using electrophysiolog- demonstrates a direct molecular interaction of the oximes HI-6
ical techniques. Single channel studies revealed that both oximes and 2-PAM with the natural agonist molecule and with the

*increased the opening probability of channels that were activated acetylcholine receptor-ion channel complex. These effects can
by acetylcholine. The oximes reduced mean channel open time explain the excitatory and inhibitory actions of both agents, and
and burst time in a concentration- and voltage-dependent man- may form the basis for their antidotal effectiveness against
ner. End-plate current amplitude was increased by 2-PAM (10- organophosphorus poisoning. The quantitative differences be-
100 pM) and HI-6 (1 puM) but depressed at higher concentrations tween the effects of 2-PAM and HI-6 on the above parameters
of these agents. The oximes decreased the time constant of are important in view of their differential antidotal efficacies.
end-plate current decay, particularly at hyperpolarized membrane

The oximes HI-6 (a bispyridinium compound) and 2-PAM found against sari n-poisoning (Su c't at., 1986). These discrep-
(a monopyridiniumn compound), which are known to bc reacti- ancies could only be addressed by detailed studies aimed at
vators of AChE, have been used effectively together with certain unveiling the nature of interaction of oxinies with thc nicotinic
antic hol inergic drugs against OP-induccd toxicity (Hobbiger, syniapse, particularly with the AChR. To this end, we investi-
1963, 1976). However, recent studies have indicated that the gated the neuromnuscular effects of two monoioximes, 2-PAM
reactivation mechanism alone is not sufficient to explain the and HI-fl, which exhibited differential antagonistic properties
antidotal effect of oxirnes against OP-poisoning in experimen- against blockade by irrev'ersible cholinesterase inhibitors
tal animals (Oldiges, 1976; Schoene, 1976; Su et al., 1986). (Roddy et al., 1987). Our study revealed a group of chemical,
Seea*te trciemcansssc satmsaii biochemical and p~harmacological interactions of oximes with
(Kuhn en -Clausen, 1972; Kloog and Sokolovsky, 1985), gan- the natural ligand ACh and its target sites (AChiR and AChE)
glion-blocking (Lundy and Tremblay, 1979) and neuronliuscu- at the nicotinic synapse of the frog neuromuscular junct-ion
Jar-blocking properties (Kuba et al., 1974; Caratsch and Waser, which occurred in a manner that is consistent with their
1984) have been suggested to be involved with the protective an tidotal profile.
action of oximes. The importance ol neuromyal sites in mne-

*diating OP toxicity has been documented (see review by Kar- Materials and Methods
czmar, 1967). A strong positive correlation b~etween the anti- All experimients excep~t single channel studies were couductcd at
nicotinic effects and the in vivo antidotal effects for somne room temperature (21-23"C) either on thme sartorius moisclcs of liatio
bispyridinium drugs against sornan-poisoning was observed (Su ppic'ners or on the chronically dlenervatedl (7-14 (lays) Roleus mnotsclcs or
et al., 1983). However, no such satisfactory correlation was Wistar rats (190-210 g). 'Il'he phy, siologic.1l solkition for frog nmscles

_________________________________ nd the following comiposit ion (m1illimnollmr): NaCI, 116; KC], 2.0; C~~
* tReceivedl for publircation Atmiptit 27, 1987. 1.8; Namjl PC4 , 1.3; imid Nal lP0,, 0.7 mill MIS bubllhed Witt. 01. T[hle

'Thk work wripe stipporteil by U.S. Arrily Reteenrcl, tind D)evelopma~ent Com~ijimid baithming medlium for niannomlriin muscle hadl the following coimnoosition
comintair IJAMD-17-84.c-4219. (mnillimnnlar): NaCI, I1:5; RdI, 5.0; NlgCI.,, 1.0; CaCI 2, 2.0; Nal ICO,, 15i.0;

ABBREVIATIONS: F1I-6, 1-(2-hydroxyiminom'~thyl-1.pyridino)-3-(4-carbanioyl-l-pyridino)-2-oxapropane dicliloride; 2-PAM, pyridine-2-aldoximeo:
AChE. acetylcholine s traze: OP, oroanophiosphorus agent; AChR, acetylcholine receptor-ion channel complex; ACh, Icetylcholino; MEPP, miniature
end-pla'e potential: EPC, end-plato current; EPP, end-plate potential: ATC, acelylthlocholine; r, decay time constvnt.
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Na2 HPO,. 1.0; and glucose 11.0. and was aerated continuously with shige Scientific Instruments, Lab., Tokyo, Japan) and tips of the

95% O and 5% CO,. pipettes were heat-polished using a microforge (also from Narishige).

2-PAM methiodide (pralidoxime) was obtained from Sigma Chemi- Further details are described elsewhere (Shaw et al., 1985; Hamill et

cal Co. (St. Louis. MO). HI-6 was kindly provided by the U.S. Army al., 1981). An LM-EPC-7-Patch-Clamp System (List Electronic,

Medical Research Institute of Chemical Defense. Darmstadt, West Germany) was used to record single-channel currents.
Twitch studies were performed on frog sciatic nerve-snrtorius muscle Data were filtered at 3 KI-Iz (-3 dB, Bessel filter), digitized at 12.5

preparations. Muscles were stimulated indirectly at 0.2 Hz with supra- KlIz using an LPS-1 (Digital Equipment Corp., Maynard, MA), and
maximal square-wave pulses of 0.1-maec duration applied to the nerve were analyzed by PDI' 11/24 and PDP 11/40 computers (Digital
via bipolar platinum electrodes. After obtaining stable responses, thle Equipment Corp.) using a maximum zero-crossing algorithm to estab-
oximes were added, and the recording continued for at least 30 min. lish base lines and channel amplitudes (Sachs el of., 1982). A channel
Thirty minutes of frequent washing was allowed between sequential opening was considered a valid event when the current was greater
drug applications, than 80% of the estimated channel amplitude. A closure was counted

Membrane potentials and MEPPs were recorded from junctional when the current fell below 50% of the channel amplitude. Details of
regions of surface fibers of frog sartorius muscles, and effects of the the automated computer analysis of single channel currents have been
oximes were studied after n 30-min equilibration period. described previously (Akaike et al., 1984). An opening or Troup of

For EPC experiments, sciatic nerve-sartorius muscle preparations openings was considered a burst when separated from the next opening
were pretreated with 400 to 600 mM glycerol and washed to disrupt event by an interval of 8 msec or more. Fast closed time histograms
excitation contraction-coupling. EPCs were recorded using a conven- included only the short closures (intraburst gaps) with durations briefer
tional two-microelectrode voltage-clamp technique and analyzed with than 8 msec. Bursts containing multiple events usually constituted less
PDP 11/40 and 11/24 minicomputers. Further details of this technique than 5% of the total number of events and, when they occurred, they
are described elsewhere (Ikeda et al., 1984). When oximes were applied were restricted to the first 3 to 5 min of recording after achieving the
to the muscle preparation, an equilibration period of 30 min was allowed gigaohm seal. These events were excluded from calculations of open
before recording EPCs from several fibers. The recording period gen- and burst durations. To the extent that there were multiple events
erally lasted for 30 min, after which a higher concentration might be present, our measurements of burst frequency would have been slightly
applied to the same muscle, underestimated.

For microiontophoretic studies of extrajunctional ACh sensitivity, Inasmuch as the resting membrane potential was not measured
10-day chronically denervated rat soleus muscles were used (for details routinely in all the fibers studied, we have adapted an indirect way to
see Albuquerque and Mclssac, 1970; Albuquerque et al., 1974a; Albu- calculate the holding potential. The holding potential was derived by
querque et al., 1986; McArdle and Albuquerque, 1973). dividing the measured amplitude by a fixed conductance value of 30

Quantal content and quantal size of the EPP from frog sartorius pS, as we obtained values close to 30 pS in both control and oxime
muscle were determined by the variance method. A high Mg*" (12 groups (up to 50 IM concentration). Although we attempted to calculate
mM)-Ringer's solution was used to depress twitch and EPP amplitude, the holding potential for groups with 2-PAM concentration greater
Trains of 200 EPPs were elicited at 1 HIz and digitized at 100 psec/ than 100 p.M, based upon the lowest range of pipette potential used, it
point. Quantal content was calculated as one per coefficient of variance is possible that these values were underestimated. No correction for
for nine groups of 20 EPPs each in the train of 200 EPPs, starting on the reversal potential was made in any of the above calculations,
the 11th EPP. After three control recordings of EPP trains at 5-rmin inasmuch as the reversal potential for the ACh-activated channels in
intervals, the bathing solution was replaced quickly with a solution innervated muscle fibers under these conditions was around -2 mV
containing 2-PAM.. Recordings were continued thereafter at 5-min (Allen and Albuquerque, 1986).
intervals up to 30 min. All recordings in each experiment were made Statistical analysis. The data are expressed as mean ± S.E. The
from the same end-plate region. two-tailed Student's t test was used for statistical comparisons. Values

To study effects of 2-PAM and HI-6 on AChE activity, Ellman's of P < .05 were considered as statistically significant.
colorimetric method (1961) was used. Sartorius muscles from frog were
removed carefully and homogenized in 0.1 M sodium-phosphate buffer Results
(pH 8.0). AChE activity was determined at 21"C by monitoring the
reaction continuously for 12 min after mixing the homogenate with Effects of 2-PAM and HI-6 on the resting membrane
color reagents and substrate, ATC, in the cuvette. Because the oximes potential, action potential, directly and indirectly elic-
hydrolyzed ATC, appropriate drug-blank tests were made. ited muscle twitch and quantal content. Neither of the

Single channel recordings. Patch clamp studies were performed oximes affected the resting membrane potential of frog sarto-
at 10 ± 0.2"C on single fibers isolated from interosseal and lumbricalis rius muscles up to 2 -M concentration studied. The threshold,
muscles of the longest toe of hind legs from the frog Rana pipiens. The amplitude and decay phase of the muscle action potential
procedure for obtaining single fibers was described previously (Allen et
al., 1984). Briefly stated, the dissected muscles were treated with remained unaltered by 2-PAM at concentrations as high as I
collagenase (1 mg/mI) for 150 to 180 min and then with protense (0.2 MM.
mg/ml) for 12 to 15 min at room temperature (22-23"C). The isolated There was no effect of the oximes on muscle twitches evoked
fibers were kept in a dish containing frog Ringer's solution with 0.2 to by direct electrical stimulation. On indirectly elicited twitches,
0.4 mg/ml of bovine serum albumin and stored at 2 to 5.C before 2-PAM produced a concentration- and time-dependent bi-
experiments. An adhesive mixture composed of parafiln (30%) and phasic effect (fig. 1). A facilitatory effect on the muscle twitch
paraffin oil (70%) was used to immobilize the single muscle fibers on was evident within I min after application of 2-PAM at 100
the bottom of the miniature recording chamber. Composition of the pM to I mM. This potentiation of muscle twitch reached a
physiological bathing solution was (millimolar): NaCI, 115; KCI, 2.5; maximum at 5 min and then started declining toward control
CaCI2 , 1.8; 4.(2-hydrnxyethyl)-l-piperazineethanesulfonic acid, 3.0. values. At higher concentrations, the period of initial potentin-
The ptl of the solution was adjusted to 7.2. All the above solutions . finn or muscle twitch) was much briefer. HI-6 (0.1-2 raM) only
contained 0.3 pM tetrodotoxin, which was added to prevent muscle
fiber contraction, c.used depression of muscle twitches; this effect was cancan-

Single channel recordings were made using the patch clamp tech- trntion dependent (lig. 1). The twitch potentiation and its
niq, e developed by Ilnmill et al. (1981). Micropipettes were pulled in depression induced by the oximes were nearly completely re-
two sfages from bnrosilicate capillary glass (World Precision Instru- versible upon washing with normal Ringer's for 15 to 30 min,
ments, Inc., New llaven, CT) using n vertical electrode puller Nari. but when high concentration (>2 naM) ofthe oximes were used,
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C"3 co--NH, exponential function in the presence of both oximes. i.,, was

I( . CH-NON increased by 2-PAM (100 pM-I mM) at. holding potentials
IKJI noJJ ranging from -50 to +50 mV (see fig. 2). In contrast, higher

2-PAM CH-NOH N" HI-6 concentrations of 2-PAM (1-2 mM) induced a marked depres-
..c..°- ...'J sion of *T.pC, which was evident at holding potentials ranging

200- from -100 to -150 mV. On the other hand, HI-6 produced a

slight enhancement of 71.,(- at concentrations of < 1 pM but
caused a clear voltage-dependent depression of the same at
(loses from 100 pM to 1 mM, which was very evident at negative
holding potentials (fig. 3). At higher concentrations of 111-6

150o (>1 mM), there also was a voltage-independent depression of
rz.,C observed at all membrane potentials, a phenomenon not

0o seen with 2-PAM. HI-6 produced a negative slope in plots of
z-O both TI.-I.c and amplitude vs. holding potential. All the above
Z -0 effects were reversed upon removal of the drug from the me-

X too--dium. At the rate of (0.3 Hz) stimulation of the nerve used in
, ,these experiments, no hysteresis loop in the I-V plot (Maleque

-- t a., 1982) was observed, indicating that the oxines are
unlikely to cause a voltage- and time-dependent blockade of

0',U----------A the AChR-ionic channels.

50o Effect on muscle AChE activity. 2-PAM and 111-6 inter-
fered with the assay of AChE activity at concentrations higherA . than 10 AM by hydrolyzing the substrate themselves. 2-PAM

4N ...... .. was more potent than HI-6 in this regard (table 1). The inter-
"0-. action between 2-PAM (500 AM) and ATC (750 PM) reached

0- an equilibrium level within 3 to 4 min after mixing them
together in the cuvette. A calculation from the extinction

010 20 3 0 coefficient values of thiocholine indicated that approximately

T I M E (MIN) 10% of the substrate was hydrolyzed in the presence of 500 AM

Fig. 1. Comparison of dose-response relationships of 2-PAM and HI-6 of 2-PAM but in the absence ofany AChE enzyme. In addition,
on indirect twitch tension of frog sartorius muscle. Twitch tension is the oximes exhibited some inhibitory effect on the AChE act iv-
plotted as a percentage of control vs. time after addition of oximes. ity. By using appropriate drug blanks, it was possible to test
Tension under control conditions (0.2 Hz stimulation) remained stable the effect of oximes on AChE activity successfully up to a
during the 30-min observation period. Each point is the mean from three concentration of 200 pM for 2-PAM and 500 AM for 11-6,
to four musclk preparations. Symbols denote 100 pM (0), 1 mM PD), 2 respectively. 2-PAM exhibited a greater inhibitory effect oi
mM (A). 5 mM (o) of 2-PAM (connected by scud lines) and 100 ,M (0),
500 uM (M. 1 mM (A), 2 mM (o) of HI-6 (connected by broken lines). AChE than did HI-6 (table 1).
Inset: chemical structures of the two oximes used. Effect on extrajunctional sensitivity to ACh. The extra-

junctional ACh-sensitivity of the chronically denervated soleus
complete recovery of the muscle twitches was not observed muscle of the rat was tested in the presence of 2-PAM or HI-6
within 30 min of wash. (fig. 4). Both oximes decreased the ACh sensitivity, but in

2-PAM (100 AM-1 mM) failed to significantly modify the contrast to other noncompetitive antagonists such as meproad-
quantal content or quantal size as determined from recordings ifen (Maleque et al., 1982), histrionicotoxin (Spivak et al., 1982)
of EPP trains. For instance, recordings from four different and chlorpromazine (Carp et (it., 1983), they did not produce
muscles at 5, 10, 15, 20, 25 and 30 min after treatment with further depression of the ACh-induced potential during repet-
100 pM 2-PAM yielded values of quantal content, expressed as itive stimulation at 1 Hz.
percentage of control value ± S.E., of 102 ± 11, 99 + 8, 97 ± Characteristics of ACh-induced channel openings.
11, 89 ± 7, 100 ± 6 and 87 ± 4, respectively, and 81 ± 11 after Neither 2-PAM nor HI-6 was able to cause channel openings
a 30-min wash. when applied alone without ACh. ACh (400 nM), when present

Effects of 2-PAM and 111-6 on the frequency of MEPPs in the patch micropipette alone in 4-(2-hydroxyethyl)-1-piper-
and on EPCs. Up to a concentration of 2 mM, neither of the azineethanesulfonic acid-Ringer, induced channel openings
oximes modified the frequency of spontaneously occurring which appeared as square-wave-like pulses, wherein the noise
MEPPs. Concentration-dependent effects of 2-PAM and 111-6 level of the open state remained similar to that during the
on the EPC peak amplitude and the ij,.:,.: over a wide range of closed state of the channel (fig. 5). The single channel ampli-
membrane potentials are shown in figures 2 and 3. An increase tude as determined from the peak of the total amplitude his-
in peak amplitude was observed through a concentration range tograms (for example see fig. 9) increased linearly up to 6 pA
of 10 (not shown) to i00 AM of 2-PAM or with 1 AM of 111-6. as a function of membrane potential, but departed slightly from
2-PAM, above 1 mM, produced a depression of tihe slope of the linearity above 6 pA. For this reason, data points with ampli-
I-V curve in a concentration-dependent manner coupled with tudes greater than 6 pA in all groups were not included in the
a slight departure of linearity of current-voltage relationship, calculation of the channel conductance. The single channel
HI-6 also caused a voltage-dependent reduction of the peak conductlance of ACh-inducecd channel openings (control) wvas
amplitude of the EPC which became evident at doses starting, found to he 30 pS whether it. was calculated from the slope of
from 500 AM onwards. The decay of the EI'C followed a siniigle a" plot of the micropipette potential us. amplitude in different
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cells separately or by plotting the pooled values of calculated (n = 2) and 19 ± 2.5 (1 = 4). The conductance values obtained
holding potentials vs. amplitudes from all fibers together. In with doses of 2-PAM > 200 pM and HI-6 >_ 100 IM were found
most of the patches only one conductance level of channels was to be significantly different from that of control. However, this
seen. However, on a few occasions, i.e., in 5 of 37 patches, low- decrease could be an artifact introduced by inadequate digiti-
conductance channel openings were recorded at low frequency. zation of the very fast events (luring a burst.
In this study no attempt was made to analyze those few events. Channel open-duration characteristics-effects of ox-
The mean open time of single channels activated by ACh alone imes. 2-PAM (10-200 pM) and HI-6 (1-50 pM) caused a
increased exponentially as n function of voltage with an e-fold concentration- and voltage-dependent reduction of mean chan-
increase observed with 62 mV hyperpblarization. ncl open time. At the lower of these concentrations, the block-

Effects of 2-PAM and 111-6 on single channel conduct- ing effects of the oximes were observed at holding potentials
nnce. The single channel conductances (picosiemens) cnlcu- below -100 mV whereas at the highest concentration used the
lated from the slopes of plots of the pipette potential vs. effect was seen even at less negative potentials such as -70 mV
amplitude were 31 ± 0.3 (n = 4), 28 ± 0.9 (n = 7), 21 ± 0.5 (n (fig. G). The decrease in mean channel open time was brought
= 4), 9 ± 3.2, (n = 2) for 50, 100, 200 and 500 ,M 2-PAM, nahut hy increased flickering during the open state (table 2)
respectively. For 50 and 100 jM T11-6, the values were 31 ± 1.2 aind was dependent on drug concentrntion and voltage. H low-
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TABLE 1 A
Interaction of 2-PAM and HI-B with ATC and effect on AChE activity 100 0

1`1311 of ATO % AChE Ilnibboin' *0 0 0
cone. breakdoewn'

2-PAM 01-6 2-PAM H1.6
Jim pMmlmn z

101 .7 c 7.1 l 0 2-

00

50 1.08 0.41 24.6 0- 0 .

100 2.02 0.92 30.7 6.2bd
200 4.78 1.90 60.7 18.0
500 9.1 5.23 18.7 0i.

In Eltman's (196 1) method, the breakdown product thiocholine reacts with 10W U)
dithiobisnitrobenzoate ion to give a yellow color. Incubations were performed using tZ..750 MAM ATC as described under 'Materials and Methods." Neither the tree oximo 0 L..
molecute nor t he acetyfoxime complex contributed to thle cotor.

SAtD the activity of AChE was measured from sartorius muscle extract. H-
Each number refers to the mean of two to three determinations from hornog- z B

enates of nine different muscles. Wi

ever, higher concentrations of thc oxinies, particularly 1-11-6 T
tended to decrease he number of flickers at very negative 0
potentials (table 2) in association with shortening of thle bujrst.
duration. Typical tracings of channel opcnings activated by LO 0c2
ACh in the presence of 2-PAM and HI-Ct are shown in figures w - >

so 1217 and 8, respectively. Unlike that seen in the control condition, D)

the noise level during the open state appears broader than t U
_j d

during the closed state in the presence of 2-PAM. This is EL M
presumably due to very fast blocking and unblocking reactions. :: L L 0-

The total amplitude histogram of chaninel currents activated W

by ACh in the presence of either 2-PAM (ý:50 ;AM) or HI-S oL I
(2:25 juM) exhibited a skew to the left (fig. 9), a feature not 0 10 20 30 40

observed in the absence of these oxitnes. Flickering of open ACH-PULSE NUMBER
chan 'nels has contributed to this p~henomenon because this Fig. 4. Sensitivity o,' the extrajunctional region of the chronically denerv-
behavior also increased with hype rpolarization and with higher ated soleus muscle of the rat to microiontophoretically applied ACh in
doses of oximes. On the other hand, (lhe histograms of thle th,ý presence of 2-PAM (A) and HI-6 (B). About 40 ACh pulses of 0.5-

chanel pentime shweda sigleexpnental istibuton ii sec duration were applied to the extrajunctional region at 1 Hz and thechanel pentims soweda sngl exonetialdisribtio in resultant potentials were recorded intracellularty. The amplitude of sub-
the presence of oximes (fig. 10). The relationship between thle sequently evoked ACh potentials in the train are plotted as percentage
concentration of the oximes and the reciprocal of mecan open of the potential elicited by the first ACh-pulse of the train. Note that the
time was found to be linear (fig. 11). H-owever, at higher values obtained in the presence of 4 mM 2-PAM and 1 mM HI-6 (0) are
concentrations of 2-PAM (200paM), this linearity was no longer not significantly different from those of control (0). The insets in A andB are histograms showing the extrajunctional sensitivity (volts perobserved. By using the sequential model (Adler et al., 197F,; nanoCoulombs) to iontophoretically applied ACh in the absence or pres-
Neher and Steinbach, 1978; Shaw et al., 1985) (see discussiOnl ence of the drug and after a 60-mmn wash. The bars marked a, b, c and
for details of the scheme), the forward blocking rate, h:, for d rug d in A are control, 2 niM and 4 mM 2-PAM and 60 min after wash,
action was calculated. The hk, values were found to be 0.59 X respectively, and in B they represent control, 0.5 mM and 1 mM HI-S

1'M-'.secc' and 2.39 x 10" M 1'.scc', for 2-PAM and Hl-6, and 60 min wash, respectively. All values represent means from four

respectively, at -140 mV holding potential, and they increased eprmns

exponentially with voltage. The voltage dependenice of h:, (sec- condition-, could not be nicely lit. due to thle small num~ber of
onds-'-Molar-1 ) could be described as h1( Volts) = 3.93 X 10' events; however, a poor fit to sulch data gave a mecan duration
exponential (-0.0194 V) and 7.1 X 10' exponential (-0.0251. of 100 to 150 mIsec. Ini the presence of 2-PAM there were many
V) for 2-PAM and 1-1-6, respectively, mrore brief events than undur control conditions, and( these

TPhe distributions of closed intervals obtained unider control events, couldl be fitted to anl exponeiltial function with a mecan
cnndition and in the presence of tle two oxitnes wiere best fitted of about 1:10 ;nsec. This mecan was neither concentratiotn nor
by the sum of two exponential functions. Additional conlpo- potential dependenit, indicating a. very fast, uniblocking reaictioii
nents. were tiot apparent, hut could have been missed duie to for tile dIrug. In thle case oif I111-6, the mcati fast closed initervals
hew low niumber of long intervals and tihe limitat ion t hat the itlereniled in durtroion with iiyierioliarizatiotl of the imatchcd

lonigest event stored by tile comptiter Jirogratin is 2.6 sec. Under memibrane. Thie closed intervals were concenitration i lleiclictd-
conttrol coniditions~ thle fast closedl itltervois (less than 8-i115cc etit at a ritngc olf 2.5 to 25 INM. I lowever, at higher collcetltra-
rlti ratiriti cottilrised 13.6 ± 1.4% orf all evetits (10 paltches) ;it. a tiotas of II 1-(i (50 /iM) the(re was ate ndeicy towardlan increase
horldinlg p'uterittiai of -1,12 2~ ' niV. Whlerens in thle presenice of' it thle illtraburst, closed timie initervals, (s(ec fig. 121). A~s illils-
.h. (hr iv-; at this polentifin, the first phiwtc, contsideredi to lrp- tratecl in th lin tset, of figure 1,3, the fast, Cloised timles sho~wcd

rlohr.,t~lon of tipe lpiockecl stair, coltlprisetI 70','( of' ;III only at sitilli'1 explolentitial distilillutioll mtililie a1 dollhdvewosi;'itn.
,v'rl ,ili 50 0M%, 2-l'AM and 80',it, In Ole ca.,, or 511 )(N hI i.( tlii findotin reported earlicr for QX-222 (Neiter, 1983). 'F'lue

in 'auli e I lw.) 'Fliast. !vtitf, f itilw; littoler contlrol batckward ralt, cowistoit, k, t. 1 ii':- w miiilmtltll ie. of Ii-f l.11 lop t
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ACh (400 nM)

-120 ffV -140 mV -160o mV

AjA
.4.

- - Fig. 5. Samples of ACh-activated channel
currents. Single channel currents were ac-

~ tivated from an isolated fiber of the frog
~ - -interosseal muscle by ACh (400 nM) at dif-

~ ,~, ferent holding potentials.
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Fig. 6. Effect of oximes on open times of ACh-activated channels. Voltage-dependence of me-in charnel open times under control conditions (0), in
A and B), in presence of 10 (A), 50 (0). 100 (A), 200 (U) 1jM of 2-PAM (shown in A) and 1 (L'A, 2.5 I'D). 10 (0), 25 (A), 50 (R) MM of HI-6 (showin in
B). Solid lines represent the best fit obtained by linear regression. The straight lines indicate bc,,-t M oi~Lned through linear regression.

25 uM) is given in table 3. The second phase oi the closed obtained from on-0 anglv .5iher for both control ACh and ACII
intervals (>8 msec duration) tip to 2.4-sec duration, fitted by a plus 2-PAM (50 uM) recorded for about 40 to 45 mmli in each
single exponential function give a mean ± S,.E of 588 ± 5:3 caise. Comparison of tile mean open times andl burst durations
msec under control condition, when all of the 30 patches falling indicates that a major reduction of these parameters could be
in the range of holding potential between -100 tn -150 mV detected even at early stages of recording; iCe., during thle initial
were grouped together. tUnder similar conditions., 50 /M 1-11-6 30 to 60 -ec recording in presence of 2-PAM, there was about
yie-lded a mean va'lue of 725 ± 106 msec duration from 1(1 83% reduction of meain open time arid 49% reduction of burst
patches studied. Typical histograms of closed infermal distri- time whlen compared to the control group. A further reduction
butionn ob~served in presence of 1-11-6 nrc shown in Figuire 1:3. on file order of 18 and 20% of open andl lhural duration",

Sirni!nr to the individua~l open times, t-he Mean total (11)1.1 re'lpect~ively, %vas nicasureri ill the Mtist'lltlult. 2 mil lrotin these
time inl it h)I- (jr.,, thle tota"l ion conducting pecriod (luring tlie initial decreased values. Channelic, recorded at periods after 25
hursrt) (5-:,. , ) anrd also the burst times were (decrease([ by thc lnin did not vary to a significant extent from those observed at
r~ximp-i in a concentrat.eon- and volt~nge-related mainier. H ow- 2 to 31 linn. sulggest ingl tiiit, the equilibrium was :icliieved %vitiin

Il, h 'l0r(r, of redeir(:t on of fntlai open time ill aI burst, was tile firfft :1 rnin 1N er ;cali formation.

1(-,; !jrli vth: (ei-;rvi-l v~ilii iepi-ii ftwine (r sr lit mo1(st, oif flhe Freqruieii.y of lblirst,. 2-PAM (10 -20(0 ji~i) proiwiic'i a
reel: vt rdI 'en-; 1 ielveln'' fil. l'~), T:11ih1'. -I.1 ;erie lhedaiili disl 11 iiio l i'itrtii-lil'lii t iicel';se reI' tivt v fCC contrll l
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TABLE 2 11-S 1 puM - ACh 400 nM HI-B 50 pM . ACh 400 nM

Relationship between concentration, voltage and channel blockade I f , ., .

Mean No. of Flickers per Bursl,

3 ropHOWdNg Potentiail (mV)' l
-105 -125 -145 -165 -185 '~~.

Control 0.14 0.20 0.16 0.26 0.48
2-PAM i

10uM 0.11 0.14 0.66 1.45 1.88
50PM 0.62 1.60 2.87 4.10 5.04

HI-6100 JM 2.06 3.81 5.71 5.90 7.93

HI61 'MM 0.21 0.59 1.22 2.4225/pM 0.92 2.19 4.53 4.61 4.55

Daaobtained from fiepatces in control and one to two from eac drug
group. In all cases ACh (400 nM) was present in the patch pipette.

"No. of flickers per burst - (no. of open events/no, of burst events) - 1."Each mentioned holding potential includes data within t 2 mV.

2-PAM 1 JM * ACh 400 nM 2-PAM 50 pM * ACh 400 nM

,r" r,-), " Fig. 8. Samples of ACh-activated channel currents in the presence of HI-
6. Single channel currents were recorded with 1 and 50MuM HI-6 included''"1.( •F "• in patch pipette solution together with ACh (400 nM). Holding potentials
were -167 and -163 mV, respectively.
shown to be roughly parallel in both graphs (fig. 16, A and B),
the effects of the drug on frequency appear to be both potential-

and time-independent. The increase in frequency also was
observed in patches where higher ACh concentration (4 AM

• • instead of 400 nM) were tried (data not shown).
. A similar approach to compare the frequency of burst open-

ings by using HI-6 (100 nM-10 AM) in a few patches indicated
that this agent also could enhance the number of bursts when
copared to control. However, the effects was less marked than

with 2-PAM (data not shown).

Discussion
The p~resent study demonstrates the interaction of the oximes

Fig. 7. Samples of ACh-activated channel currents in the presence of 2- T-A and stu-6 weth nso aeo the st invole in ap
PAM. Single channel currents were recorded with 1 and 50 jM 2-PAM
included in the patch pipette solution together with ACh (400 nM). Holding transmission at the neuromuscular junction. Such interactions
potentials were -143 and -165 mV, respectively, occur in a manner which is well suited to explain their antidotal

action against OP-poisoning. The main features of the oxime
in the frequency of burst openings (fig. 16A). This increase effects are: 1) hydrolysis of the agonist molecule, ACh, i.e., an
persisted when in the same patch the holding potential was AChE-like activity; 2) increase in the AChR-channel opening
changed stepwise from an initial value of -80 to -200 mV (fig. probability, i.e., an excitatory action at the receptors; and 3)
16A). In all cells studied, the frequency (If the burst events was decrease in the wean open time and burst time of ACh-acti-
always higher in 2-PAM group than in control. To study the vated channel opelnings, i.e., an inhilitory action at tile recep-
nature of this increase, and determine whether or not it was tors. In addition, tihe present results add further to our know]-
related to an alteration in the desensitization process, patch edge regarding the kinetics of the drug-receptor Channel inter-
recordings were made for a long time at a fixed pipette l)otential action at the molecular level. Each of these aspects has been
after establishing the seals. Under control conditions using ,1(00) dealt with in detail in the following sections.
n.M ACh in the patch pipette, tile frequency of bursts, declined AChE-like and AChE-inhibitory actions. The accelera-
during tile 40-min observation period (fil:. 1613), indicating the tion of tile hydrolysis of ATC reflects the ability of oxilfles to
occurrerice of a slow (losensitiza tion of the ACh recepturs. cleave tie ester inilecklies. This is anrlalogolis to splitting of the
\VlWn 2-1PAM was anIdded ito the pipette itt I aind 0(0 AM along AC, h tiolecules by the natitrinl enzyme AChl'E. In this, respect,
witii A(h. t lhr frequenc:y was higher thil in the cotntrtol grolup, 2.-PAM is mo1te potent. (2-2.5 ti1es 15gr"ater) Ihan Illt-f. A
1110 a iilr s lf,:lcinC with time was obs,-rved (fig. ](Mi,). Inas- similar ACh1E-like a:cl.iomn 'oIuld lIe prelicteid fbr oh1er plyridi-

*• irt' nirmi plr;ot or frquenicy rhlarges for rontrol rind (irtig were IillIn complun)tdtI(s lilvilg all 'li "\ile" 1toiely il their srlrctlure.
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(0

Fig. 9. Total amplitude histograms (normalized with
respett to the probability of channel opening) of single
ACh channel currents under control conditions and in
the presence of oximes. The data shown were ob-
tained from three fibers recorded at three similar

--145 mV 115mV potentials in each case. The bottom row represents
0 the control group (ACh. 400 nM), whereas, the middle

and top rows represent 2-PAM and HI-6 groups (both
at 50 ,M along with 400 nM ACh). respectively. Theabscissa in each histogram shows a current value

CmJ (picoainperes) defined as the difference between each

point in the digitized signals and the base line. The
base lutle (0 pA on the abscissa) is represented by the
first half peak. or the noise level of the closed channel

143 mV - - 183 mV state. Subsequent peaks represent the unitary cur-
rents. Note the left-skewed pattern of the open chan-
nel amplitudes in the oxime group.
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Although the AChE-like actions of the oximes would be ex- EPC amplitude and TI.:-,c: were increased at concentrations that
pected to Lhve little significance under normal conditions, they had no detectable anticholinesterase activity.
could play an important role under conditions of OP-poisoning Single channel studies revealed an alternative mechanism to
when this could account for hydrolysis of excessive amounts of explain the facilitatory effects of the oximes. The increase in
ACh at the synaptic cleft. It is possible that a marked short AChR activation produced by these drugs could have contrib-
term recovery of the MEPPs produced by focal application of uted to the EPC and twitch facilitation, as all the three effects
high concentrations of obidoxime in sarin-poisoned frog mus- also occurred at a concentration range which had minimal
cles (Caratsch and Waser, 1984) could have been caused by an AChE-inhibitory effect. The next question was whether the
AChE-like action of that compound. Another implication of increased channel activation was a primary effect of oximes or

the enzyme-like action of the oximes is that this action could an effect which was secondary to the alteration of an already

add an artifact to assays involving these drugs which could be existing receptor function such as desensitization. A compari-

misinterpreted as AChE reactivation, son of the effects of oximes with other agents, which also

The weak AChE-inhibitory effect of 2-PAM and HI-6, al- increase the rate of channel openings, suggests that the oxime's

though it could elicit some pharmacological actions such as effect could be secondary.. Several lines of evidence can be putfacilitation of EPC peak amplitude and twitch tension, as seen together to support this view.in this study, may be insignificant under conditions of OP- The increase in frcquency of channel openings caused byoximes differs from that observed with two desensitizing agents,
poisoning, where maximum inhibition of the enzyme is already ineproadifen (Aracavat and Altuquerque, 1984) and naltrexone
prevailing. (Madsen and Albuquerque, 1985). The oxime-induced increase

Excitatory actions of oximes on the AChR. Excitatory in frequency (in terms of bursts) remained higher than control
function of oximes was demonstrated in this report at the level throughout the .t0-min observation period. Meproadifen-
macroscopic level in the form of an increase in the twitch induced channel activation has been attributed to the drug's
tension (only in the presence of 2-PAM) and an increase in the ability to enhance receptor affinity to the agonist (Krodel et
peak amplitude and decay time constant of EPCs. A facilitatory al., 1979; Maleque ct al., 1982), which leads to the development
effect also was suggested for 2-PAM by Karczmar et al. (1968) of a desensitized state of the receptor as evidenced by the
based on studies of end-plate potentials and ACh-induced end- reduction in the frequency of channel openings after initial
plate depolarization. activation (Aracava and Albuquerque, 1984). These differences

Many factors could cause facilitation of twitch and EPC point to the fact that oximes may not be affecting the sites on
responses: presynaptic effects and postsynaptic effects such as the receptor at which most of the noncompetitive agents bind
AChE-inhibition (Magleby and Stevens, 1972; Kordas et al., with high affinity to produce an inactivation of receptor func-
1975) and direct membrane effects. Presynaptic effects were tion.
ruled out by our studies, because a significant change in neither The following arguments support the view that oximes coun-
MEPP frequency nor quantal release was observed. This con- teract the agonist-mediated desensitization phenomenon. If we
trasts with earlier reports (Edwards and Ikeda, 1962; Goyer, assume that no new AChR channels are synthesized and incor-
1970) which showed an increased quantal content and ACh porated in the membrane under the patch during the recording
release from nerve terminals in the presence of 2-I1AM. Direct periods, the most logical expllanation for an increase in the
membrane effects also were not observed, AChE inhilbition Ifreqtency of opening:; by the oximes is that they promote the
seemq insutfficient to explain the facilitatory effects, because availability of the existing receptors under the patch pipette.
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C initial higher level, and this rate remained similar to that seen

106 3 under control condition. This would imply that the oxinmes were
unable to terminate the slow desensitization step occurring in
a minute-time scale.

Among other mechanisms that could contribute to an in-
crease in frequency of single channel events, agonistic property

2 65 of the oximies was ruled out. The chemical interaction between
oximes and ACh in the patch pipette, appear to be an unlikely
explanation, as such an interaction would only decrease the

A free ACh concentration. Stabilization of the doubly-liganded
206 receptor and an increase in the isomerization rate constant k,

also cannot be neglected altogether.
The increase in the channel opening probability in the pres-

C, ence of oximes could be of significant value in revitalizinp the
- function of OP-poisoaned end-plates. OPs impair neuromuscular

w transmission by virtue of desensitization of the AChR, which
,,, could be caused by ACh accumulation, by direct effects of OPs
,, on these receptors, or by both (Karczmar and Ohta, 1981). In
0 fact, recent bicchemical evidence suggests that diisopropylfluo-
Wc rophosphate could cause desensitization of the AChR throughM binding to a site at the receptor, which is different from the

D • agonist-recognition or high-affinity noncompetitive sites (Eld-
z efrawi et at., 1988). The channel activation produced by the

oximes could therefore counteract the effect of OPs and restore
tile normal neuromuscular function.

Inhibitory actions of oximes on the AChR. Inhibitory
0 1 16 24 3 2 4 0 effects of oximes could be observed in the form of 1) a reduction

CHANNEL OPEN TIME (msec) in the twitch tension, 2) a decrease in current amplitude and a
Fig. 10. Open time histograms of the channels activated by ACh in the faster decay of EPCs and 3) a decrease in the mean channel
absence and presence of oximes. Histograms correspond to channels open and burst times.
activated by ACh (400 nM) in the absence (A, 1571 events from five
fibers) or presence of 2-PAM at 50 pM (b, 1348 events from a single A reduction in the EPC current amplitude and twitch tension
fiber) or HI-6 at 50 pM (C. 1497 events from a single fiber). The mean could result from either a competitive effect of the oximes at
channel open time determined from the fit of the distribution to a single the agonist recognition site or a noncompetitive effect at a site
exponential function (correlation > 0.97) are: 10.2 (A), 3.5 (B) and 0.55 different from the recognition site. The faster decays of EPCs
(C) msec. The holding potentials ranged from -143 to -145 mV in all of
the three groups. The origin of the excess (about 6% of total events)
open events seen in the first bin of the control ACh histogram is not of oxiines point to the involvement of a noncompetitive mech-
dear. However, it is possible that they might result from channels anism. Two types of evidence rule out the existence of a
activated by one instead of two agonist molecules interacting with the desensitization mechanism for these agents: 1) the oximes did
receptor site (Colquhoun and Hawkes, 1982). not cause a time-dependent depression of EPC peak amplitude,

a phenomenon seen in the case of desensitizing agents like
ACh and other agonists have been shown to shift the receptors histrionicotoxin (Albuquerque et at., 1974b), tricyclic antide-
from a state of low affinity binding to a high affinity states at pressants (Schofield et al., 1981) and meproadifen (Maleque et
equilibrium (Changeux et al., 1984), and these high affinity al., 1982); 2) the ACh sensitivity experiments do not reveal a
states of the AChR are generally believed to be responsible for run down in ACh trains in the presence of oximes. However,
the development of the desensitization process occurring in a the role of competitive antagonism cannot be ruled out alto-
millisecond to second time-scale (iIeidmann and Changeux, gether, inasmuch as millimnolar concentrations of oximes caused
1980; Neubig and Cohen, 1980). Electrophysiological data also a reduction in the sensitivity of the end-plates to ACh in
identified the existence of a desensitization process which was denervated rat muscles. In summary it can be stated that the
reported to occur in a millisecond time-scale (Magleby and ion channel blocking actions may be the primary events gov-
Pallotta, 1981). However, the occurrence of a fast desensitiza- erning the inhibitory actions of oximes. Also it should be noted
tion step cannot be identified in single channel studies under that a wide concentration range produced channel blockade
control conditions, inasmuch as such a fast reaction would be without inducing any competitive blockade or desensitizatio'u,
easily missed in patch recordings, which usually are done at as indicated by the failure of the oximes to reduce the frequency
least 30 sec after making the gigaoh:n seal. Also the recordings of bursts below control levels.
obtained in the presence of ACh alone (control) may only Several explanations could be proposed to explain the effects
represent the activity of receptors which escaped a fast desen- of the oximes on the kinetic properties of nicotinic AChR-ion
sitization action of the agonist. The increased channel activity channel during activation. One possible mechanism is the siu-
o.•served in the presence of the nximes could therefore be pie sequential model (Adler et al., 1978; Neher and Steinbach,
attributed to these compounds' ability to arrest the rapid con- 1978), which was used to explain the blocking kinetics of
version of the receptor population to a desensitized condition. atropine and QX-222. This model states that the drug blocks
On the other hand, the frequency pattern ii, the presence of the ion channel when it is open, nnd the final closing of the
the oximes showed a decline with time of recording, from the channel is achieved uia opening of the blocked channel. It, also
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Fig. 11. Relationship between the oxime concentration and the reciprocal of the mean open time. Open times used here were obtained from the
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indicate the voltage sensitivity of the forward rate constant of the blocking reaction (k3) in presence of 2-PAM and HI-6, respectively.
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has been used to explain the blocking action of drugs such as physostigmine (Shaw et al., 1985) and QX-222 (Neher and

bupivacaine (Aracava et al., 1984) and physostigmine (Shaw et Steinbach, 1978), the blocking action produced by the oximes

al., 1985). In the present study, we calculated the various kinetic reduced channel life time with a slightly greater voltage sensi-

rates by applying this model to find out how closely the oximes tivity in that the k:, values changed e-fold per 52 and 40 mV for

follow the kinetic expectations of the model. According to the 2-PAM and HI-6, respectively. The voltage dependence of the

sequential model (Adler et al., 1978; Shaw et al., 1985), the reaction rates suggests the location of the binding site. The

different steps in the reaction scheme can be represented as equilibrium dissociation constant of HI-6 changed e-fold for a

follows: change of 24 mV, whereas 52 mnV were necessary for a similar
change in the case of 2-PAM. Thus Kj, for HI-6 can be written,

k, h',V) I) k.,.V) K1, (V) = K, (0) exponential (V/24). Previous investigators
nA + R & AR ;. A,,R* A.R*D

nA + _,? A _R A,,* Ahave shown that the voltage dependence of Kn can be described

by the Boltzmann distribution (Woodhull, 1973; Neher and

where R is the receptor, which interacts with n molecules of Steinbach, 1978; Adler et al., 1978). Therefore, the exponential

ACh (A) to form an agonist-bound but nonconducting species, coefficient should be, -zeb V/kT where ze is the charge of the

A.R. This undergoes a conformational change to form a con- drug, A is the fraction of the membrane potential sensed by the

ductive state, AR*. AR*D is assumed to have no conductance ions as it reaches its binding site, V is the membrane potential,

because it is blocked by the drug, D. The forward and backward h is the Boltzmann constant and T is the absolute temperature.

rate constants for the blocking reaction are k:, and k-:,, respec- Vahles of 0.47 and 0.51 were found for 2-PAM and 1-11-6,

tively, and V indicates the steps which are voltage sensitive, respectively. Assuming a constant membrane field, the binding

The k., obtained for 1-I-6 was close t.o that reported for the site would be roughly half-way across the membrane. These

local anesthetic QX-222 (Neier and Steinbach, 1978), whereas values were similar to those obtained for neostigmino and

k, was abfott 4 to 5 times lower in the case of 2-PAM. Unlike edrophonitim (Aracava et al., 1987). The high K,, values oh-
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TABLE 3 should remain constant in the absence and presence of drugs.
Rate constants for ion channel blockade by the oximOs On the other hand, both 2-PAM and lil-6 shortened the total

4UNP nM2 I'AM K-6 opien time in a burst (L~e., the tutal ion coniducting period) in~
froo , i., Ka lo, it, x. this study. The blocking agents QX-22 and QX-314 have ' en

nV sec " - Set: M $ft- M-' st M shown to increase the mnean burst duration (open Ltime plus
10' i0, 1o-1 io' io, 1o-V locked time) (Neheraind Steinbach, 1078), whereas the oxilles

120 4 013' 7.75" 1,907 14,49* 7.14" 0 409 decreased it utioer this condition. TIhe decrease in burst durl-
-140 5.90 775 1270 23.7 5.0 004 tioni produced by the oximes cannot be attributed to an irtip-

-160 8.705 7.75 0870 39,63 359 0ý091 rpitseetoofciiatme(nsc)nevlu-;d;t
-180 12.821 7.7S 0 620 65.53 2.56 0.039 rcrat eetnofciil im (8ns)itrv ucdn

r0 998' 0.999 1 00oo 0.97 1000 this analysis to sepiarate individual burst ozi:,becztzce all
1/slope 52' 52 40 58 24 our closed timne hiistogramis with events tip to 2.4 sec duration

(my) showed only two phases, a short onie with a meani of < I Insec
'A, Valuell ac~alcltedfoo trains It* Sk of loreav rcvessxin pilot to fdrug comncetra- and another with a mean of > 300 taser. Tlhus, it bt*.wiits

ti., vs. calculor.Iofmate ~opten 1,necxc tsodmals c.' ~fr apsparent that alternate pathways are needed to explain tlie
cotainedat as mier~noaneotentlxs " off as r'xneniratws inin* rase of2-PAM. kinetic reactions of oxinies with the iolhll.
In the HI-6 group, for each. potent.al the tiata were Cptolaned from the b"lt fit fine The following alternate routes could explajin the kinetic
o at rfriaog pool of mea r-vie-rent4 vs. 1 /fast cliosed frnm. up to 25 ,M

'r, correlation coef~coers for ins, sesdog pot1 of mmrooetrosrir po~t. vc As. k , effects of oxnimes on AChRt: 1) the open, blocked state of the
Of K". receptor (A.1?*D) reaches a new coiiformationnl state, which is

tI~s too~aesleri te voltage foo an @t-fld cltOg n It.e roolpective Corn-tiarifif. more ntahbie; 2) the oxiines al'.ei thle rnte constants for channel

tamned for oxinca suggest that theymbtd ýolwafljoity sites ill -losiog (k_,): or :31 il?'!) goes to it cl'i .sed state (A~J1) or Aj?

the ion channel of tile receptor. lI'llw ftact, that a tnearly trinxiinil ic ?,hpsiiLt pnltt

inhibitory effect of 2-PAM was til.xerved ira open and hurst ItII respect to thle first. possibility (1), withI 50 uM l 1-6 at

du rations (table 4), even ini tihe e: r ly patrt (of Life rero rdit .I, hol dinig poitent Iials mnore negative than -!40) in'tV. th letua ri

(i~e., < I ruin), indicates a free- arccess silte (ail the receplitor 'o aartcoe iesoe ini eitiufo itse
in atromfitecu Ic for thIis t si te. II oweve r, tice i bservatim i tha 'I t 1(1w dosesC (iig. 1 2). i odic-rti ng that theicre co'aild tie inore thlan i
an adlitional reduction of open nniil hurst tinies wo sole II) to onle htlot-ed state (Netter, 198l3). H owever, we fl'otid rto otlier
201) sec after seal formtation, Iilnlitttcate t hat thle timentoieedled to 'lv i~h 0Imce of a #tW few W-wked state, Oi nilsotic h as t lie eli si.u tilinc

,athivev eqi liji rinin was at li.jst 31 lffin. ditt iril ill iti fs howedil psst two ex poinenit ial flow I ions. "'Iik if[act

"I' lie Ii iiear inc reace in tbe rec i p n lol Iof inpion ripe n timeiu withI thlit 11111-6 did itot, sigraifieaiitly moiflify th seto n leh itlitlnae of
drug conenitrakitin in cane of 2-PANIi (upo to 1(M) joX) and 111 1 Ci tlified intervals fill Lto 2.4 sm dIlrntiotili indicates thait if ti stat
(titi to 5I) ;,M) andI an incrennse in floe mean ititralornt cliOS5*(l bllcke'd state exiC.tsi it mu0st. he greater thain 2.4 see in Ilurdat iht.
timet with liyperpoiarurzatioit ii) casooe of 111-6 are poinits fit favor ".lte poreseint, data suggest but do not prove t hat there is ian

of Lthe sequentital model of cI oinnel bllckadet for thre". drugs. inivreaseo in tihe rote constant. for channel closing (h-,) pfroduced
Hof1wever, closme illovintion fromn the ,lipectall ionis of tile %efpaori- by the oximel.Tile reciproctl oif Lthe oten total open timle 1,er

aitl triodel (No-ter rind Stemtach, 1 918) iisis. liimoe lwerio found burst siotild provide a relatively go'od nitAsure of tilec rate
in the casle of ox i res. For ris a o~p le thie isliv iVO iarll rvilurlfire 112(stiant t chico tel thsin isigat hoghi thitis ante is sI igi, I1.y uwider-
Lit ta1 ttile total Lttf10lIe the loivii RpelIills IIiI tile riiiltitt ilir State C estt n-Itet. Reduction iii t he tttta I oi mn Li ine -er burst comp101anred
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o Ffrequftenri changes, as tli,. channel blockade was founrd to hie

so - wilivtiedent. on the memrnhrine potenitial, whereas the frequtency
z chalav~s are not. Rather, the potential-independent frequiticiy

chiiv'ies stq:ge~t that tive Iincling sitesq responsible for this e ffect
7 ~~~hmild iei io$1Icoted hevot~d the volt ige -sensing regio n of t he

0 40 -channel, most prohirtly 4t the external mouth of thle AChR.
'thle rloqqiitilit 'Y that AJI-D g~oes to n closed state directly,

F lqps- iog thle open siite Ij?,I? thiereby causingll a reduction iii
t he mean hurst mid me-,n trilal open time, cannot hie e'liminatedt
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'The faret that there wn% a it:fft-renice in thle volt ar'. deplendI ftinrt inn.
oency of the refductions in tile mean open ltime aiid menn lot at InI onchlitioll. thle pril-'nt studyI provides itti'hts into mo-
open time iler hurst. many indicatie I hat thlere in ifore I liti onie lei'ci.ir rocuhani-tm'i indsh living lite aintidot al propertit's of t he
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Fig. 16. Effect of 2-PAM on the frequency of
ACh-activated channel opem~gs. Each point
represents mean number of bursts per minute

1000 200 collected every 3 min (2 min on few points)fA T Bafter getting the pa.tchl seal. Events obtainedt up to the first min after the s,,ai were not
Boo included. The symbols in A represent control
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0 5 10 is 2 0 0 5 tO 15 20 25 30 35 40 45 of -150 to -160 mV: however, in each case
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lime (min) TLMre (min) from start to the end of the recording. Only
those patches which were stable for at least
45 min were included for this study.
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The frog interosseal muscle fiber as a new model for patch clamp studies
of chemosensitive- and voltage-sensitive ion channels
actions of acetylcholine and batrachotoxin*

*Charle N. ALLEN, Akinuri AKAIKE. and Edson X. AILBUQUE.RQUE

Departmentm of Pharmacology and Evperi nentral Theralieuics. Universii~' of Marylard Srhool of.Aledicine, Baltimore, Mafry~land
2120!, USA.

SUMIMARY clamp technique has been applied to best advantage on
cultured c-iis such as ncuroblastoma, myoballs and

The patch clamp technique was used to record lthe currcnts myotubcs. Thc use of mature mus'i:c fibers would allow
flowing through single ion channel-, in isolated frog muscle a more direct comparison between the data obtained
fibers. Thc majority of thc acetyclichline (A00'-acti":sted chai-t,. m voitage clamp recordings of the macroscopic
nels had a conductance of 32 pS, although 2U) pS channels werc creteet n hs banduigtepthcap

* ~~~also occasionally observed. Lifetimes of ACh-activatcd chtan- creteet n hs banduigtepthcap
nels jincerased with the trattsmembt~ine potential in the range Therefore. the purpose of this paper is to describe a
from - 30 mV to - 105 mV. In these sanme fibers we ;dlso procedure which enabled us to isolate single fibcrs of the
observed channels which were actii:rted by tow concentrations frog interosseal muscle and mount them for patch clamp
of batrachotoxin (BTX ;10 niM). These channets. presumed to recording. Further, an initial evaluation of some
be Na channets. tiad a coniductance of 19 pS and open~ed at properties Of thc nicotinic rcceptor-ion channel complex
potentials it which Na channels would not normaly open. A activated by acetylcholinc (ACh) and batrachotoxin
notable feature of thecse BTX-aciivated channcls wvas thtat they (BTX)-activatud sodium channels are described.
opened and closed repeatedly. Tltcie~orc, it appcors that lthe
toxin, in additcioa to activating Na channels, also blocks (lhe
inactv'ation proces s. The physiological p:ropertics of these
channels reveal significant differetces between the ion chantnels
of tissue-cultured and mature tissue,;. METHODS

Key-words :Frog skelec~a miuscle. Nicotinic recepior. liatra-
chotoxin. Tetrodotoxin. Sodium channel inactivation, Patch - 1Teeuqles of isuhlaion of Marile muscle fibers. The Ltimcetiott
clamp technique,. and ent'mc Ircatmenrt (Atuttioutwvt~te ef al.. 1968) of frog muscles Was

perfoitried in a frog Riiigeir's sotlutions (pt 17.2) which consisted of (in
mtM) : NaG 11S. KCI 2. NalIPO4 1.3. Nal-{?04 0.7, and CaC12 i.S.
The inicrosseal mu~scles of tire fourth toe of the hindfoot or Ratio

INTRDUCIONpiltientS were dissected free, placed in a Sylgard dissection dish and
INTR DUCIONpinned wsith a %light tertsion. The tength of time the muscle fibers arc

inicubated ia the cnzynres varied slightly froin dissection to dissection.
H~owever. uwxsnens fu istacsss longer thans the maximumn listed

The patch clamp technique allows the formation of (12 o min) scemcd to produce daniagcd fibers and drastically reduced
high resistance, mechainically stable, gigaoilin seals time chance of obtaittit4 a gigaoinhs seat. Routinely, the inuscles were
between the cell membrane and lthe recording incubated for 90-lZ 12 rin will- cottagessase (I mng/mtul ;Typec 1, Sigma)
microelectrode thus yielding a high signal to noise ai which was 4isulled in Ringer's solution. The muscles were subserluen.

ity rinised witaitunrmal Rtimgcrs solution followed by incubation withwhich permits a good r~soluiton of very low amplitude pratease (0.2 mg/mI Type V11. Sigmia) for 60 miiii. Fifteen to thirty
currents (H AMILL el al., 1981 a). llu%ýcvcr, a major suiimtutes aftcr iie priutrase treattuient had bcgunt, singtle fibers could be
difficulty of applying this tcchiqtice to nlature miuscle separated b gri~ttic agitations with a streain of Ringer's solution fromn a
fibers is that the formation of a gigaohim seal requires a I'a1steurp pa The isolated fibers were rinsed at least three times wvills

iottnmal kitW's solution and stored al 5 'C. These isolated 1muscleclean membrante surface. For this reason, lthe patch fibers were vib for 2-3 days whsen kept at 5 *C it% normial Ringer's
solution concaoiint bovine xertun albumin (I mng/nid).

The recodinsg climasuber consisted of a plexiglas plate with a small
Recicd 1 2rt reuets: 1.X99 sO4 'om. b~~~iutuseduir~. hole 01.5c er i diamseter) cut into its surface (3 trn is depth) (Fig. 1).

1 t16% work was suportxed by usrItS graoid NS-12tt65 angi U.S. Armyicay la order tateord froin isolated fibers, a nmethsod had to be devised to
Research mand tGevetopnaent Coamrnard Cotoairct t)AMI 17-8i1-C-1279. itninobilit tb fibiers in tire recoridisg chamnber. An adhesive mixture of
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parafilm melted in paraffin oil similar it) itat desciibed eailier to stick discarded. The data wan digitized (2 Kllz) by a LI'S-Il (Digital
cell surfaces ot mollusc 11euroRS to thne tCcordiijr ch~aMbrtlWs vt4II Equipmenet Corp.) and stored on magnetic tape or hard disk for later
and KitisrAl.. 1977), was painted onto a small mticroscope coverslip and analysis. Automated analysis o" pati h clamp data was performed on a

* sct into the chamnbcr. A mixture ofM 3%~ paralm11 11CILtCd in paraffin oil P131' 11/40 (Digital Equipment Corp.) as describcd previously (AIKAt~t
(70 61, viscosity 335/350) was found to bc optimal. The assembly was el a/I., 1984).
placed on a microscope stagc and cooled to 10 *C with a pcliicr devie Thc patch micropipettes were prepared in two stages according to
(Cambion). The bath was filled witht HEPIES buffcred solution which [tic technique previously described In tIA11mn.t Vr U1. (1981i0. The
consisted of (in mM) :NaCI 115, KCI 2.5, CaCl, 1.8 and I-IEPES 3 ulicropipecttes Itad an inner diamtectr of 1-2 l~m after hecat polishing.
adjusted to pH 7.2 wiffh NaGH. Thc isolated muscle fibers wcre rintsed Test compounds wcre dissolved itt the HEPES solutiotn. dihatcd with
ivit:i thc H-E.PES buffered solution and pipcttcd into the recording distilled water (S %) atd passed throught a muilliporc flter (2 Imtt) prior
chamber using a Pasteur pipette -with thle tip firc polished io reduce to filling the nicropipettes. After filling, thte patch nmicroelccuttods
damage to the fibers. After a fewv moments, thie muscle f~ibers settled were coated by rapidly dipping the tip into molten Kronig cemnent
and adhered to thie parafuimn-paraffin oil surface. Imm~obilization was (Arthur H. Thonmas CO.). The coated microelectrodcs had final
assured by allowing the muscle fibers to remnain undisturbed fur resistances of 2-5 M11. The tip of the patch microelectrode was pressed
I5 min Unfortunately, such a technique resulted in some fibers being against a cell membrane under microscopic guidance (400 x Hoffman
positiotned with the perijunctiormai region facing downward, thecrefore interference optics) and %~ giga-ohtn iu seals were achieved by applying
preventing channel recording. However, the presence of many fibers in gentleC Suction through tII. inside Of thle Pipette (HA&IANLL C1 0/., 1981 a).
the recorrding chamber facilitated the selection of properly aligned All the experiments reported here were obtained ffron cell attachecd

* muscle cells. Finally, the covering layer of Ringer's was gently lowered, pai~cltcs. After establishment of 5 t 20 GE2 seals, thie potential inside
before recordinmg. to about 20 jan above the fibers. tltc inicroelectrode was adjusted to thte desired holding potenttial. At the

conclusion of the recording sessiotn the membratte potential was
determitted by breaking the patch seal or by gently pushing tlte pipette

cut-way iewinto the fiber.
Batracltotoxin (IJTX) was provided by Dr. J. W. DALY (Labora-

a tbiy of Digestive Diseases. Natiautal Institute of Arthtritis, Diabetes.
C*ý and Digestive and Kidney Diseases) and stored at 0 'C its ethanol

b(100 h%). cr-buumgarotoxiut was purchased fromn Miatmi Serpentariumn
Laboratories. IITx. acetylcholine chloride (Signia) amtd tetrodotoxin

R (Sautkyo Co.. Jarjan) sol'uttons; were piepared daily fromn stock
solutions.

RElSULTS

A - Muscle fiber characteristics

The dissectiona and enzymatic treattment of tite frog
inteirosseal muscle resulted in the isolation of singlc
inusclc fibers. Under the light microscope (400 x
Hoffman interference optics) the dissociated fibers
appearcd healthy with the dark striations of the A battds

* clearly visible (Fig. 2). The cnidplaec region was getncrally
located near thc center of the muscle fiber and was scen
as an elongated sltghtly dark concavtty of about 3-6 pitn

V in width and a few hundred prni in length. Thc
immobilized single fibers could be facing the botloin of

Ftn;. 1. - Diagram of the recording chamber in whmich the sintgle the chamber thus making location of die perijunttciottal
* muscle filbers ate immobilized ;a indicates a single tnuscle Fibers ;b : region difficult. However, this difficulty could be

the parafilin-paraffin oil adhesive c :a glauss coverslip. timitnimizd by attcmpting patch on another fiber in the
batht. Thte single fibers hatd a resting memtbrane potenltial
of - 70 mV ± 14 niV (mecan ± SD, 11 30) 24 It

Single channel currents were amnplified witht a LM.EICPC- patch after being isolated and kept at 5 OC. This icntbrane
clamip system (List Electronics. W. Gerunany) avid filtered at 1-3 KIlt potenttial ;s slightly lower than that of the intact

* (second order, lcssel low pass titter). The output signal was monitored miuscle before enzyme treatment which was ab3Ut
on a digital oscilloscope and a Mingograf recordcr and simultaneously -9

stored on FM tape (RACAL. IS ipi. DC 5 KI 1x) for comiputer analysis. - 1± 9 mYi (tncatl ± SD, n - 20). The fibers used
The tape records were edited prior to compuite analysis and records itt thie experiments varied in length frorn I 000 pinm to
containuing large DC shifts or oscillations int the baselitic wete 2 )(XX) in -4d diameters ranled from S0 pill to 80 put.
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patches and the frequency was insufficient to allow
A ~ further analysis. Histograms of the distribution of

., channel open times were fit by a single exponential in 12
of 16 recordings (Fig. 3C). At holding membrane
potentials of - 30 mV to - 55 mV the mean channel
lifetime of ACh channel currents was 9.4 ± 1.0 ms
(mean ±SE, it 7). The channel lifetime increased as

B ~the membrane was hyperpolarized ;for example, the
mecan channel lifetime was 15.0 ±1.7 ms (n = 8)

_______________between - 60 mV and - 85 iny, and 19.8 ± 3.0 ms
A (n =3) between -90 mV and - I110 mV. The open-

Htime hitgrm itermann four records was fitted

with a double exporiential curve due to the e~xistance of a
fast comipon~ent which had a mean lifetime of 4.8±

C i~ 0.8 rns. The arithmetic mean of the channel open time of
C if I ;~zblt~.these records was 11.9 ±3.9 ms at holding potentials
I II Ip(~~~I ~be-ween - 30 rnV and -60 mV.

I -Wna
U~u i 0 C -Chmr~ceristics of the batrichl~ooxin-activated Na

A: 190 r
B: M7rrm
C: 3O0Pm Inclusion o1 batrachotoxin (10 nM) into the HEPES

FiG. 2. - Microphotographs of a single fiber isolated from the bufrdsltoinhepchmreetoersledn
inierosseril muscles of adult frog. - A : Low power (63X) view or 1 spontaneously occurring unit currents which could be
single muscle fiber following enzyme treatment. Note the endp!mtm recorded zat mcmbrare potentials between - 10 mV and
regiont appears as a elongated concavity in, th. center of the muscle - 1G0 mY. (Fig. 4A). These ion channels were activated
fiber. - 11 : Hligh power (160X) view of Jte same filler. - C : Hitgher
power (400X) view of !he endplate region and muscle sarcomers with by B Tx since no channels were recorded at the same
the A bands appearing as the bands, mnembrane potentials with only HEPES buffered

solution in the pipette. The BTX-activated currents were
identified as flowing through Na channels since no
channels were seen in the presence of the sodium channel

83 - Characteristics of the acetylcholine-activated peri- antagonist tetrodotoxin (300 nM) and I3TX (10 nM). Thle
junctional nicotinic receptor-ion chantnel complex number of active Na channel macromolecules in each

patch was estimated from the number of multiple
Single nicotinic ý-Ihannel currents activated by low openings present in the records to be between I and 4,

concentrations (300 or 400 nM) of ACh wcre recorded with 2 channels being the most common. The patches
from the perijunctional region of the single muscle recorded contained a single class of I3TX-activated Na
fibers. At this concentration, single, double and on rare channels. The -inplitude of the current flowing through
occasions triple'channel opening events were recoirded these channels was linearly dependent on !he
(Fig. 3A). The majority of patches (87.5 qo, n = 14) had trinsmembrane potenitial (Fig. 4B3) indicating a
channel openings with a condiictance of 32 pS. However, conductance of 19 pS. The reversal potential of these Na
in a small percentage (12.5 076, n =2) of the patches two currents was estimated from the INV curve to be
different conductances were observedl, the major + 20 inV.
component being 32 p5 and a small unumber of channels The l'istograms of the distribution of channiel open
having 20 pS cotnjuctince. Fig. 3B3 shows time linear times could be fitted by a single exponential in all the Na
relationship which exists between the nienibrattic channel recordings indicating a !singic open state for
potential and the amplitude of the current flowing these channels (Fig. 4C). A~t holding putentials betwveen
through the ion channels of the ACh receptor of these - 30 mV 3nd - 90 mV the channel lifetime wis not
fibers. The reversal potential of the 32 p5 channels was dependent *o lthe membrane potential. The meann
estimated from the I/V plot to be - 12 raY, lifetime wim 694 1-t.7 uiti (trean j. SD. it = 5) at

For the analysis of channel open times we used only membrane poieritials betweeun - 30 mV and - 45 mV.
the larger (32 pS) channels because the smaller and 7.2 ± 1.7 ins (mean ± SID, n -5) at holding
conductance chanmnel openings appeared only it, two potentials between - 50) mV and - 70( mV. I owever, at
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A
ACh 300 mlU

-50mV Forl lr

lavA
200m1se

C FIm. 3. - A : Unitary channel cur-
rents activated by ACh (300 nM) were

IC0o. recorded at membrane potentials of
* ..." -- , - 50 mV, - 80 mV and - 105 mV.

Downward deflections indicate in
inwardsy flowing current. - B : A plot

5 j of single channel current versus rnem-
brane potential. Each point (*) repre-S[ - sents a patch recording at a single meam-.1 sbrane potential. The conductance deter-

"" • mined from the slop.e of the regression
... I line was 32 pS. The rz-versal potential was

estimated to be - 12 mV. - C: A
channel lifetime histogram of curnents

., Iactivated by ACh (300 nM) and recorded
at - 50 mY. The line shows thIe best fit

to 20 30 40 to a single exponential curve. The mean
ChasWel Op" Tio. (Om) channel lifetime was 9.4 ms.

A
STX lOa•M

FiG;. 4. -Characteristics of the Na -tOVA
* channels activated by hatrachotoxini (10

nM) recorded ard at the extrajunctional t i l
region of the interosseal muscle. - A :
Single Na channel currents from a cell
attached patch were recorded at mern. B
brane potentials of - 30 rmV, - 70 mV
and - 110 mV. Two simultaneous single
channel events were seen in some cases. ..... ..
Downward deflections represent
inwardly flowing current. - B : A plot
of the relationship between the mmrcm.
brane potential and the amplitude of cur- .
rents flowing thcough a singce Na cal ." . .
ner. The slope conductance was calcula."* / £
ted to be 19 pS, anid the reversal potem'ial "S
was estimated to be + 29 niv. - C : A *

channel li(etime histogram of currents
* activated by BTX (10 nM) and recorded

at - % ,,V. Th histogram wat fit'cd 4 '
with a s4ingle exponertmal curve, as indi.
cated by the -olid line. The mean channel
lifetime( of these chanmels was 1.6 ms. k.. 1" 1
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membrane potentials between - 90 mV and - 1!0 mV about 90 To, of the total ,ecorded events were 20 pS
some indication of voltage-dependence was discerned channels. The amplitude of these three currents seen on
since the mean channel lifetime was increased to 10.8 ± the -iyoball (at 10 °C and - 80 mV) was 2.7, 1.8 and
2.4 ms (mean ± SD, n = 5). 0.9 pA (BETA and SAKMANN, 1971 ; AKAIKE et al.,

1984). The opposite situation exists in 1he frog muscle
fibers where the larger conuuctance st-te is the dominant
channel type. Whether this difference in the frequency of

DISCUSSION observation of the various conductance states represents
a difference between mammalian and amphibian

The technique described here for isolation and preparations or between adult and embryonic tissues is a
immobilization of the individual muscle fibers provides a matter for future study.
new method for recording single channel activity from The voltage-dependence of the ACh mean channel
adult muscles. Preliminary studies suggest that small lifetime reported here confirms the increase in channel
muscle fibers from rats and humans can be similarly lifetime at hyperrolarized membrane potentials observed
prepared for recordings of single ion channels. Alter- previously using noise analysis (ANDERSON and
ations of the physiological properties of the muscle cells STEVENS., 1973). For example, at a membrane potential
caused by the enzyme treatment and difficulties locating of - 60 mV we observed a mean lifetime of 11.7 ms
the perisynaptic region were a potential source of while at - 90 mV to - 110 mV the mean lifetime
problems. After exposure to collagenase and protease the increased to 19.8 ms. Similarly, ANDERSON and STE-
electrical properties of the resting and activated \'ENS, (1973) reported a channel lifetime of 7.6 ms at
membrane such as the resting membrane potential, input - 60 mV while at - 140 mV the value was increased
resistance, membrane time constants and excitability to 13.2 ms.
were similar to untreated fibers (BETZ and SAKMANN, Batrachotoxin produces a rapid and persistent
1973). Further, a partial or complete loss of the depolarization of the membranes of nerve and muscle
basement membrane of the cutaneous pectoris muscle (NARAFIASHi ef al., 1971 ; ALBUQUERQUE et al., 1971 a ;
did not alter the ion selective mechanisms underlying the AI.BUQUERQUE and DALY, 1977). The mechanism of the
action potential (BETZ and SAKNIANN, 1973). Nois;e toxin action appears to be an ,activation of the voltage-
analysis (DREYER et al., i976) and acetylcholine sensitive Na channel macromolecule and an effect oi, its
sensitivity experiments (AL:BUQUERQUE el al., 1968 ; inactivation proccss (AI.tmUQUERQULE et al.. 1971 a, b ;
BETZ and SAKIANN, 1971 ; PPET'l. and MCMAIIAN, CATTERALL, 19SO).' etrodotoxin is still effective in bloc-
1972) demonstrate that the kinetics of the acetylcholine king thc sodium channel when applied to the extracellu-
receptor are not altered by enzyme treatment. tar portion of the channel molecule.

'he interosseal muscle of the adult frog contains Recent evidence suggest that following activation
ACh receptor-ion channel complexes with two apparent the Na chinnel closes directly into the inactivated state
conductance states which are activated by the (CATTERALL, 1984). Since the opening and closing of the
neurotransmitter azetylcholine. The predominant IBTX.activated Na channels continued at a constant
chanrels had a conductance of 32 pS, a value which is membrane voltage, the channels could be closing to the
similar to the conductance of endplate channels original closed state or to a BTX-bound closed state
observed in the frog (Rana pipiens) sartorius muscle rather than the inactivated state. The-alternation between
using endplate noise analysis (ANDERSON and SrEvrENs, an open and closed state with no inactivation may form
1973). NE!itiR and SAKMANN (1976) using suberyldi- the molecular basis which underlies the persistent
choline recorded 28 pS channels in the extrajunctional membrane depolarization induced by BTX
region of frog sartorius muscle. We have, however, (Ai.nuUr.toERQtE atal, 1971 a ; KIIODOROV el al., 1978 ;
performcd the patch clamp only on the perisynaptic CA rTERt.L, 1980). Similar long trains of BTX-activated
region of these fibers. The,'efore the possibility exists Nit channels have been reported for neuroblastoma cells
that some differences cotild le discerned between these (QUANOT ind NARAIMAS1II, 1982 ; ALDRICII ef at.,
receptors and those located at the junctional region. 1983). The channel lifetimes of both the muscle fibers
Such a problem requires ftirther study. and the neurob;astoma cells increase as the membrane is

The two conductance states of ihe ACh-activatcd hyperpoiarized. Ilowevcr, this occurs at all membrane
ion channels contrast with the data obtained front potentials in the neuroblastoma while the muscle cells
cultured embryonic muscles where ACh activated exhibit this'behavior only at membrane potentials greater
channels have been 0hown to have three conductance thatP - 90mV(IItJANIetaI., 1984). The conductance of
sateS (mill. Mid SAKMANN, 1971 - PitI'rk and MCMAIIAN, tile Na channels in the interosseai muscles is larger than
1972 HAMIIt. and SAKMANN, 1981 h ; AKAIKi- Vt at., that of the neuroblaslorna where the Na channels have a
1984 ARACOVA (It at.. 1994). The major comnponcnti, condrictatce of 2-10 pS (QUANMT and NARAIIASIt,
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Characteristics of the ACh-activatcd channels before and after denervation of the
frog interosscal muscle were studied using thc patch clamp technique. Acctykholine
sensitivity was incre:sed on cxtrajunctional portions of the muscle 7,42. and 73 days
after sectioning of the sciatic nerve. Nonjunctional regions of the innervated muscle
appeared to contain one type of ACh channels having a conductane of 28 PS and a
mean channel li,'etime of 3.8 ms at -90 mY. The denervated muscles contained two
classes of channels with conductance of 18 and 28 pS which were present as early as
I days postdenervation and remained for 93 days. The channel open tirnes of the
innervated muscles increased with mcmbrane hylerolarization. The open tims•of the
channels present at 42 days postdenervation showed longer lifetimes than those of
imnervated muscle% and were 10.8 ms and 9.6 ms at -90 mV. These channels also
showed less voltage dependence than the control fibers. 0 1vi1 Aca&,ic rM.u.,c

INTRODUCTION

The acetylcholine receptor-ion channel complexes (AChRs) of adult sketetal
muscles are clustcred in high density only on lhe postsynaptic folds of the
neuromuscular junction. AChRs appear on the extrajunctional portions of
the muscle (8, 42, 43) in regions of high and low density (3. 17, 33) following
elimination of the neural input. The extrajunctional receptors represent the
synthesis and insertion of additional AChRs into the membrane as inhibitors
of protein synthesis or mRNA synthesis blocks their emergence (20, 26, 35).

Abbreviations: AChR-acetylcholine receptor-ion channel complex. ilTC. LTC-high, low
conductance type; a-BGT-a-bungarotoxin
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The. extrajunctional receptors are an AChR type distinct from those of the
junctional region. Antibodies from myasthenia gravis patients bind to the
AChRs of denervated but not of innervated muscles (6, 7, 27, 28) suggesting
structural dissimilarities between the two types of channels. The cxtrajunc-
tional receptors have a reduced sensitivity to the blocking action of d-tubo-
curarine (10, 11, 3?) and are less susceptible to ionic channel b!-.kade by
perhydrohistrionicotoxin (16). Further, fluctuation analysis has demonstrated
the extrajunctional ACh-activated channels have lower conductances and
longer lifetimes than junctional ch~annels (18, 34, 44). These observations
were confirmed by the patch clamp technique which demonstrated that de-
nervated muscle contained ACh-activated channels of two conductances
(5, 24, 44). We used the patch clamp technique (29) to study in detail the
characteristics of AChRs occurring in the nonjunctional portion of the muscle
membrane before and after chronic denerv:,tiou.

METHODS

Denervation Procedure. Female Rana pipiens (West Jersey Biological Sup-
ply) were anesthetized by immersion in chioral hydrate (2%) and a I-cm
section of the right sciatic neave removed I to 2 cm from the pelvic insertion.
The !eft sciatic nerve remained intact and servcd as a control. The wound
was sutured closed and the animals recovered at room temperature (18 to
20°C). Each frog was fed calf's liver twice a week after denervation.

Isolation of Single Muscle Fiber-. Single skeletal muscle fibers were isolated
as described elsewhere (4). The dissection and enzyme treatment were carried
out in frog Ringer's solucn (pH 7.2) having the following composition (mM):
NaCI 115.0, KCI 2.0, Na:HPO4 1.3, NaH 2PO, 0.7, and CaCI2 3.6. The in-
tcrossca! muscles of the longest toe were dissected free and the muscles from
each hind foot placed in separate dissecting dishes. The muscles were treated
2 h with co~lagenasc (1.0 mg/ml; Type I, Sigma) followed by a 20 to 30-min
exposure to protease (0.2 mg/ml; Type VII, Sigma). The single fibers were
disjoined from the connective tissue and terdons by a stream of Ringer's
solution flowing from a Pasteur pipet. Subsequently, the single muscle hibers
were stored overnight at 5"C :n Ringer's solution containing bovine serum
albumin (0.5 nig/mr).

Patch Clamp Recording. The isolated muscle fibers were secured in the
recording chamber using an adhesive mixture of 30% parafilm and 70% par.
afirn oil. The hath was filled with a Ilepcs-buffered solution consisting of
(mM): NaCI 115.0, KCI 2.5, CaCI2 1.8, and Ilepes 3.0 adjusted to pl1 7.2
with NaOlt. Tetrodotoxin (0.3 ,um, Sankyo Co., Japan) was added to prevent
contraction of the fibers,

Patch clamp micropipets having an inner diameter of I to 2 ,um after heat
polishing were prepared in two stages from borosilicatc capillary glass (A&M
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Systems) according to the technique of Hamill et al. (29). 1.,e mic:@e!ectrodes
had final resistances of about 5 MQ? after filling with th-_ Hetpts-buffcred so-

lution containing acetylcholine chloride (Sigma). All pipet solutions werr fil-

tered through a Millipore filter (2 am).
Ce;-attached giga-ohm seals were formed using the t•hnique described

by Hamill et a!. (29). A LM-EPC-7-Patch Clamp System (Lisa Electronics,
West Germany) was used to record the single-channe! currmts. The data were
displayed on an oscilloscope and recorded on FM magnelic tape (Racal) for

later computer anal",i;. The intracellular membrane potemrwd was determined

at the end of each recording session by breaking the seal using gentle suction.
The data were filtered at 2 kHz by a fourth-order Buttervt", filter (lowpass),

digitized at 10 kHz using a LPS-I I (Digital Equipment Comr. and stored on
magnetic tape for future analysis. Single-channel currentis were detected by
the method of Sachs et al. (46) using a program for data aralysis run on a
PDP 11/40 (Digital Equipment Corp.) as described in dm.iil elsewhlere (I).
To insure good estimates of channel lifetimes, data confat!eg l,'ss than 200
events were grouped with those obtained at membrane r.-At-itia!s separated

by less than 10 mV.
,lcetycholine Sensitivity Interosseal muscles were dissered as described

above. The muscles were stretched slightly and pinned se-crely on a piano-
convex Sylg~rd plate and placed in a recording bath. Recvding electrodes
were filled with 3 Al KCI and had final resistances of 2 to 5 MOW. The acetyl-
choline sensitivity was measured on surface fibers of interc, .al muscles by
iontophoretic application of ACh in the manner described C! 8, 14). High-
resistance (> 1 SOM() microiontophoretic pipets contaired 4 If ACh which
was released by pulses of current. The pulse duration was 50 to 100 uis for
the junctional region and was increased to a maximum of 500s for relatively

insensitive portions of the muscle fiber. Pulse durations lorerc than 500 us
were not used to avoid lateral diffus:on of the agonist. Recording frrom the
junctional region was cons;(lered focal when the rise time ofdhe ACh-inducrd
potntials was <1.2 ms forthe innervated muscleand £5 msfarthedenevvated
muscle. In addition, in the case of the innervated muscle 1'6 iocal rcgion
disclosed miniature end-plate potcntials with rise time ,; 1.0 ms. The'Iensi:ivity
expressed as the amplitude of the microtontcphorctically eVo0c-.1 depolariza-
tion (mY) per unit current (nanoCoulomh, nC) passed thromerh the ionto-

phoresis mirnopipet.

R IS t I T

Acet ylh hohne Sen ni wily of Inervate/dand Chroni'alihi Itmenr edA Iti rehe

The memhrane potential- of the innervated and chronical:y dem.vated frog
muscles were not statistically dillerent janalysis of variance. (521 The resting
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membrane potential recorded from surface fibers ofthc innervated interosseal
muscles of the frog was -95 ± 5 mV (N¢ = 57) and was -92 ± 5 (N = 50),
-15 + 4 (N = 65). and -86 t 9 (N = 23) at 7, 42, and 73 days after chronic
denervation, respectively. A region of marked ACh censitivity extending 160
to 260 J0m parallel to the long axis of th innervated and chronically dcncrvatcd
muscle fibers was believed to be the end-pl.',te region (Figs. I and 2). Outside

the putative junctional region, the ACh sensitivity decreased rapidly and was
undectable 500 hm from the junctional region. The interosseal fibers at 7,
42, and 73 days after denervation also had regions of high ACh sensitivity
with values equivalent to those at !he junctional region of the innervated
fibers (Figs. 1 and 2). The length of the end-plate region in the denervated
muscles varied from 75 tc 330 urn. The chr'onically denervated fibers were
distinguished from the innervatcd fibers by a larf.e increase in the ACh sen-
Wsiivity of the extuajunctionai regions of the muscle. The ACh sensitivity of
this region of the muscle ,continued to increase irrespective of the distance
from the junctional region betweer 7 and 42 days with the values becoming
similar at 42 and 73 da)s. (Figs. I and 2,.. The extrajunctional portions of the
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S knnrvated 7 day Denrvmed
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F1G. 3. Samples ofACh-activated single channel currents recorded from innervated and chron-
ically denervated interosse2l muscles. The currents in each case were recorded a: a membrane

* poti-ntial of -110 mV patches on either an inncrvated muscle or on 7-.ay. 42-day, or 94-day
derervated muscle. Note the denervaled muscles have ACh-activated channels with two different
amplitudes. Downward dc.ections indicate an inward flowing current.

42- and 73-day denervated muscle showed ACh sensitivity ranging between
3.5 and 4000 mV/nC, suggesting various degrees of AChR density (30). These

* observations demonstrated that severing the sciatic nerve induces a pattern
of changes of the intcrosseal muscle ACh sensitivity which are qualitatively
similar to observations made on dcncrvated muscles of both mammalian and
amphibian preparations (3, 8, 17, 33, 36, 42, 43, 45).

Single Channel Conductance of Innervated and Chronically Denervated
Muscles. Samples of single channel currents activated by ACh (300 nM) and

* 'recorded from nonjunctional regions of innervated muscle fibers are shown
in Fig. 3. Only a single type of current was observed on seven control patches
from six innervated muscles. The slope conductance was calculated from z
plot of the membrane potential versus single channel current to be 28 pS
[(4, 25); Fig. 4A].

As shown above, the ACI sensitivity of the extrajunctional regions increased
* with time after denervation. ACh-activated channels were compared at various

times after denervation to determine if the conductance changed. Patch clamp
recordings from the extrajunctional region of 7-, 42-, or 94-day chronically
denervated muscles revealed ACh-activated (300 nM) single channel curTents
of two distinct amplitudes. The single channel conductances are similar at 7,
42, and 94 days postdenervation. At 7 days the conductances were 24 pS and

* 15 pS for the high-conductance type (HCT) and the low-conductance type
(LCT), respectively. The values were 28 pS and 17 pS for 42-day denervated
muscles and 27 pS and 17 pS for 94-day muscles. Samples of ACh-activated

00
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FIG. 4. Current-voltage relationship for single channel cuoets recorded from innervated and
42 to 44.day chronically denervated intrrosscal muscles. Upp graph shows ACh-aclivated
(300 n.M) currents recorded from the nonjunctional region o(fianervated skeletal muscles. The
open squares represent the mean amplitade of the channels nacmded from a single cell-aitached
patch at each membrane potential. Linear reeression cmn these poise disclosed a slope conductance
of 28 pS. The lower graph shows the amplitudes of ACh-activaiedsewem sotfhroeicallydenervated
muscles. The unfilled circles or unfilled triangles represent -rds with both low. and high-
conductance channels present. The filled circles and filled iangles represent records containing
a single population of channels. The half-filled symbols (0, A) woe used when an unfiled symbol
overlapped a filled symbol. The best-fit by linear regression indicated a condoctance of D pS and
28 pS for the low. and high-conductance channels, respectively. The reversl potentials for the•s
different chiannels ranged from -2 to - IS mV.

channel types from an innervated and 7-, 42-, and 94-day denervated muscle
are seen in Fig. 3. The amplitude of both types of ACh currents was linearly
related to membrane potential and the reversal poential for the denevated
channels was not different from those of the innerted controls. The ratio
of the HCT to the LCT was 1.6 for the three periods of denervation, dem- p
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I. onstrating that the high-conductance channels were not due to the simulta-
neous activation of two low-conductance channels (Fig. 5).

Not all patch recordings contained both types of channels at all the recorded
membrane potentials. Muscles denervated for 42 or 44 days were studied in
the greatest detail. Fifteen patches were recorded from 13 denervated muscles
of which only four contained currents of one amplitude. Two contained only
HCTs while two contained only LCTs. Five additional patches had recordings
which at one or two membrane potentials only HCTs or LCTs were observed
whereas both channel populations were recorded at other membrane poten-
tials. This is probably a reflection of the low frequency of channel activation
because ia three of the five patches less than 30 channel events were recorded
at the potentials having only a single amplitude current. The remaining six
patches contained both HCTs and LCTs at all of the membrane potentials
tested.

* Mean Channel Lijtiine of Innervated ard Denervated Muscles. The du-
ration of the open state of the HCTs and LCTs was studied in detail in muscles
which had been denervated for 42 days. The open time of channels from
"different patches were grouped together according to the holding potentials
or to the closest holding potential divisible by 10. Exceptions were made in
two cases in which a large number of channels were recorded at a membrane

* potential. The groups of open times contained between 300 and 1600 single
channel events. The histograms of the ccmbined channel open times from

a 2 4 6 4

Fa. 5S. Amplitude histograms rcorded from innervated (left) and 42- or 44-day deervated
(right) muscle fibers. In both cases, the patch micrielectrode contained 300 WM ACh and single
channel recordings were made under cell-attached conditions. The mean amplitude of the currents
from the innervated muscle was 3.4 pA at - 130 mV. Two current p-aks were recorded from the
denervated muscle. The current amplitudes are 2.2 pA and 3.5 pA at - 125 mV. The dashed line
indicates where the peak would be if the Large conductance channels consisted of two simultarneouly
active small channel events. The muscles were isolated from the same frog.

.0

*)



540 ALLEN AND ALBUQUERQUE

so

I

100

J 0

z. !

z CS
5 2

_le -140 -100 -40 -20 -190 -14* -100 -60

0 E @0RAME POTeNTIAl IMVI MaIM9AMI POTENTIAL. .V)

riG. 6. The relationship between the me~an channel lifeti~mes and membrane) potential of" in-
nervated and 42. to 44-day denervated muscle fibes Lifetime histograms for innervated muscle

fibers. Each po~int (0): represents the mean open time of the channels mc"-orded from two to six
patches at each membrane potential The slope or the lines fit by Sincar regres.;ion indicated the
channel liletime of channels from innervated muscle had an r- increase with -70 mnV. Lirctime
histograms for the low-conductance channels (A) and lhe high-conductance channels ()were
rec-orded from denervated muscle%. The low-conductance ch.-nnels o4" denmrated muscles have
an e-fold increase in channel lif'etime with -100 mV and the high.-coriductance channels have
an e-reid increase with - 120 mV. Lower right---composite grql sho~ong the relationship between
the lifetimes of the¢ AC"h-activated channe;s; from innervated and dcnetvated muscles.

innervated muscles could be fit by a single exponential function at all the
membrane potentials tested. The lifetime showed and e-fold increase with a
hypcrpolarization of-70 mV (rig. 6).

The HCrs and LCTs from the chronically denrwvated muscles had lifetimes
which were also fit by single exponential functions at all the membrane po-

; tentials tested. The liretimes of both the HCTs and LCTs were two to three
times longer than those of innervated muscles at membrane potentials less

: ~than - 120 mV and 1. 1 to 1.5 times longer at more hyperpolarized membrane '
S~potentials (Fig. 6). The LCTs showed an e-fold increase in lifetime for a hy-

. t perpolarization of - 100 mV and the HCTs showed an e-fold increase with a
. , ' hyperpolarization of - 120 mnV. !

2÷ _ _ _ _ I C
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';' DISCUSSION

:ii .:The extrajunctional ACh receptors of the chronically denervated interosseal
: muscles have two distinct conductance types which displayed longcr channel

* •':open times than those recorded from nonijunctional regions of innervatedl
:! muscles. The longer open times indicate denervation induced altetations of
: channel kinetics which can be described in terms of the sequential model of
• •: AChR activation. The sequential model is:

A + R *"A + AR.•.A 2R+• AzR*

• where A is the agonist acetylchotine and R the receptor ion channel complex.
a and fl are conformational rate constants for the transition of the doubly
liganded closed state (A2R) to the open state [A2R*, (15, 34, 440)]. The con-
formational rate constant a is the reciprocal of the open state duration
(1/open time -- a). The value of a is decreased by membrane hyperpolarization
and reduced temperature (38). The nonjunctional ACh-activated channels of

* the iratcrosseal muscle follow this pattern showing an increased channel open
time (decreased a) with membrane hyperpolarization. Denervation also pro-
duces changes which decrease a and are seen as an increased lifetime of the
extrajunctional channels. For example, at -90 mV and 10*C, a •= 263 s-I
for nonjunctional channels of innervated muscles and a for the HCT was
104 s" and 93 s-'for the LCT. The a• of the denervated fibers has a dependence

* on membrane voltage similar to that of the control fibers (44). Thc prolonged
lifetimes of the denervated AChRs may result from structural alterations of
the channel or Jianges of the membrane environment. The protracted lifc-
times of both the HCT and LCT suggest that modification of the two channel
types occurs in parallel. Changes of the membrane lipid environmcnt sur-
rounding the AChRs could affect both channels simultaneously. Thc corn-

* position and physical state of membrane lipids affect the activity of membrane
enzymes [for review see (9)]. Denervation of skcletal muscle modifies the
composition of membrane lipids and thxeir metabolism which could modulate
the activity of AChRs. Gangliosides of skeletal muscle are increased in ex-
perimentally denervated rabbit gastroenemius muscle and human skeletal
muscle with denervation atrophy (31, 41). Sialic acid, a constituent of gly.

* colipids and glycoproteins of the sarcolemmal membrane, is increased in rat
denervated muscle (S0). The phospholipid. phosphotidylcthanolamine. was
significantly reduced while the total phospholipid content was not significantly
changed (21). Additionally, cholesterol esters are increased after dcnervation
(32). Some cxperimental support suggests changes of membrane lipids may
produce alterations of the AChIR. Manipulations of membrane cholest,-o;

*:,can alter AChi responses. Treatment of rats with 20,25-diazacholesteroi rcplace•
:i the muscle membrane cholesterol with desmocholesterol which induces an
I increase in membrane fluidity. This treatment decreases thc time constant of

0

0

0
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end-plate current decay (13). The shortening of ACh channel lifetimes by
octanol is suggested to be due to alterations of the fluidity of the lipid envi-
roment in the region of the AChR (22, 23). Further J'rect experiments are
necessary to test how modifications of membrane lipids affect function of the
AChR and whether denervation or disuse produces the changes in channel
characteristics.

Following dener",ation the lifetime of the channels of the extrajunctional
region increased compared with AChRs of the nonjunctional region of in-
nervated muscles. This contrast with the situation at the former end-plate
region of denervated muscles. Although the metabolic turnove-r rate and single
channel conductance are changed, the single channel lifetime remains fairly
constant. The reasons for this differential effect may be due to the high receptor
density at the end-plate or to subsynaptic elements holding the receptors in
place. Also, changes of the membrane may occur differentially between the
junctional and nonjunctional regions of the membrane.

Antibodies isolated from some patients with myasthenia gravis recognize
a site at or near the c-bungarotoxin (a-BGT) binding site of extrajunctional
AChRs and the end-plate of embryonic rat muscles but not the AChR of the
neuromuscular junction (28). These immunologic differences between the
ACh receptors present before and after denervation suggest modifications of
one or more of the AChR subunits which could result in extrajunctional
channels functional traits different from those of the AChRs at mature end-
plates. The LCTs compared with the channels of the innervated muscle may
reflect a structural dissimilarity between these ACh receptors. Structural
changes of the AChR subunits will alter the activity of the ionic channel (5 I).
For example. mRNAs coding for the four subunits from Torpedo california
AChRs expressed functional AChRs when injected into Xenopus oocytes. If
mRNAs for the S subunit of AChRs isolated from mouse. BD3H-l eell lines
are substituted for the Torpedo 6 subunit, functional AChRs were expressed,
which have an enhanced response to ACh comppared with those made up of
four Torpedo suýlunits (51).

Although the results of this paper are qualitatively the same as those obtained
using noise analysis, the values for single channei conductance are higher.
Patch clamp recordings of ACh-activated channels have yielded higher con-
ductance values than noise analysis (25). The 28 pS conductance value, is
similar to that recorded using the patch clamp technique and recording ACh-
activated channels from the end-plate region f 30 pS; (25)] or the perisynaptic
region [32 pS; (4, 12)].

The changes in ACh-activated channel characteristies subsequent to de-
nervation are in the opposite direction from those present on developing '
muscles. Embryonic muscles have ACh-activated chantnes which are ofa low
conductance, long-lifetime type and which are gradualy replaced during de-
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velopment by a larger amplitude, shorter lifetime type (19, 39t 47, 49). An-
tibodies of myasthenia gravis patients selectively block at developing ra' end
plates the acetylcho!ine reccptors with the long channel open time (48). These

* . same antibodies block the binding of a-BGT to the AChRs present after
denervation. Fur-her study will be required to establish the relationship be-
tween the denervated channels and embryonic ACi-activated channels and

' wYhethcr or not denervation removes an influence which initially triggers the
change in channel characteristics.
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Key Pvcrdjs: Cultured hippocampal pyramnidal cell : y.Arinobutyric acid; Single chloride channel;
Patch clamp recordincg, Single chamnel conductance; Amino acid

The conductance characteristics of y-aminobutyric acid-activatcd single channel currents tramn cauIUcJ hippocampal neurons were
examined using patch clamp recitniques. GABA-zctivaitc currctits had amplitudes which were iincarly correlated to ihc memrahrne
potentials over a range of -80 to + 70 mV and an open time and burst time of 2.2 and 4.3 ms. respcctively. The conductance of the y-
aminoibutyric acid a.ctivated channels was 19 pS. These data demronstrate that cultured iiippocamnpal neueons have channel conduc-
tances which have charactcristics differcnt ffum those of adult neurons.

y-Arninobuty::" acid (GAI3A ) is an important in- channels are modified during maturation of culturcd
hibitory nteurotransmitter within thececntral -icrvous embryonic musiclels', and following dcncrva-
system of vcrtcbratcs"t ,7 ,"'. In the hippocampus, tion of miusclest. Therefore, generalization of data
GAI3A released from in~crneurons inhibits the activ- from cultured and adult preparations must be done
ity of the pyramidal cell aeurons4' 3 . A general in- cautiously in the absence cf direct comparative stud-
hibtiion of pyaraidat cell iiring is tb~c rc~ult of htyper- ies. Recently. Gray and Johnston used a modified
polarization of the sonia duc to activation of an in- hippocanipal slice preparation to study the character-
ward chfloride current"5 . Wfockade of these chloride iltics of single GADA-activatcd currents from adult
currents by pharmacological agcats generates syn- CA, pyramidal celOs. These GAI3A-gatcd currents
chronizcd hippocampal activity reminiscent of epi- had a linear currcrit-voltagc: reilaiunship at negative
leplic activity 2.15,16. ncictbrane potentials but showed :a pronounced out-

GAIJA-activated chann:ls, 1l'ruugh which the ward rectification at hypcrpo~larized memibrine po-
chloride current flows, have beeni studied using spi- tentials. We tcstcd the hypothesis that cultured hip-
nal cord neurons in primary culture 13212I26TlCSC pocanipal neurons would have GABA-activated
neurons are easily visualized and the lack of glia faci- chloride charnnels with conductancie propcriies simi-
litales tltw formation of a giga-lthin seal bcetween a .lar to those recorded from adult lhippocampal rieu-
glass microecectrode and cell miembrane26 . Most pri- inns.

"mia17 neumnal cultures arc isolated fromn embryottic All lthe cultures used were co-cultured with mouse
brain% and the neurons may, at different times in cul- astrocytes since hippocatupal neurons require a sub-
turc, hiave either adult or immiature characteristics or stance released by glial cells for proper growth". As.
a mnixture of both. For example, the conductance and trocyte cultures were prepared from the cerebral
the lifetime properties of ;mcctylcholine-activatcd ltcttisplieres of Dub:(ICR) randont-bred maice and

*Prescnt addrcss: 'Wadswouth Centter for LAotnalorics and lteccarch, Empreia State Plaza, Albany, NY 122011, U.S.A.
Carrespoiedenie.- EX. Athuquerqc.je tcp~armnicrt (ol l'lirtaricology and lEspcrimncnal Therapeutwics Ulliveriacy of Maryland Sicho~l
of Medicine, laltimore, MD 212011. 1; S.A.
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grown to confluence using the method of Booher and The data were filtered at I kliz (-3 dB) with an 8-
Sensenbrenner ttt as modified by Brookes and Yai- pole Bessel filter (Frequency Devices), digitized at
rowskyt 2. Thc astrocytes were grown on acid-soluble 10 kliz and] stored on the hard disk of an IBM XT mi-
calf skin collagen (Calbiochem) in plastic culture crocomputer. The 1PROC-2 program \VaS used] for
dishes (35 mm, Nunc) in modified Eagle's medium the analysis of current amplitudes and open-channel
(MEM, Gibco) supplemented with 15% fetal calf se- duration (open tiinc)15. The histograms of opcn times
rum (KC Biological) and incuhated it 35.5-36.6 'C and hurst durations, Cruso hne pnnssp

in 10% CO,/90% air. Plastic coverslips coated with arated by less than 3 mns, were fit using the NFITS
0. 1% prly-L-lysinc (Sigma) were addted to the culture program2 '. Each digitized point was plotted relative
dishes immediately prior to addition of the hippo- to the mean baseline current and the single current
campal neurons, amplitude was estimated from the cuirrent peaks.

Female Sprague-Dawley rats, 12-14 days preg- To reduce the backeround noise due to cuirrent
nant, were sacrificed by CO, narcosis and cervical flow through other ionic channels, all monovalent ca-
dislocation. The crrnbryos were removed, the brains tions were replaced with choline. The single channel
of 12-14 fetuses removed and place:d in a cold dis- currents were recordled from cell-free patches (in-
secting solution containing (mM): NaCI 140, KCI side-out cotndition 2). The intracellular portion of the
5.4, NaHP04 0.32, KH,PO, 0.22, glucose 2-5 and N- membrane was exposed to a solution containing
2-hydroxyethylpiperazine-N'-2-ethianesulfonic acid (mM): choline Cl 135. MtgCI2 1, ethyleneglycol-bis-
(Hepes) 20 at pill 7.3 and adjusted to 325 mOsm with (fi-et hylctfie r)NNA'-tet raacet ic a1cid (EGJTA) 5 and
sucrose. The hippocampi were dissected free, I lepes 10. EGTA was added to 10 ml distilled water
minced with iridectomy scissors and incubated with with 1.7 ml of I M Tris the,n neutralized with 01.5 ml of
trypsin (0.257o, Gibco) for 15 min at 35.5 T. The I M I fCI in a final volume of NYX) ml (the I ICI adds 5
trypsir action was terminated by pipetting the brain miM Cl') The pf f was adjusted to 7.4 with Tris hase.
sections into 6-7 ml of MEM with 10% fetal calf sc- The ptiysiolrigic il solution uscd t-o fill the microelec-
rum and 10% horse serum. The neurons were disso- trode ha~d ,1th! following cotmposition (mM): choline
ciated by trituration and plated at a concentration of Cl 136. M~gCI, 1, CaCl, 2, H-epes ;0 and GABA
7A00,Y0 cells per dish. The cell culttres were incu- (0t- ,M) Th 1wsadjuste o74wt aV
bated for 3-4 h and the medium chtanged to growth (NaCI was replaced by choline chloride). All experi-
medium containing MEM plus 10%, fetal calf Serum mecrits were performed at room temperature of
(MEM 10). Thie cell cultures were incubated at 20-22 T.
35.5-36.6 *C in 10% CO,/9V0% air and the media re- y'-Antinol'utyric acid (0.4-1I pM~)-activated cuir-
placed with fresh MF.M 10 every 3 days. For patch rents which flowed inward at hyperpolarized poten-
clamp recordling the cells were grown in cultuire for tials, reversed at about t0 mV and flowed outward at
6-13 days. Since tlte hippocatopall granule cells (do (epolaIrizcd potentials (Fig. IA). These single chan-
not form until (lay I postnatally, the cultures con- tel cuirrents were not observed if GAIIA was ex-
tamned primarily pyramidal cell neurons711. TPIe netu- chided fromt 'he microelectrode filling solution. The
rons had mnembrane potentials of -55 to -65 niV. current amplitude was Nnearly related to the mem-
generated action potential% and showed spontaneous brine potential fromt -80 mV to +70 mnV (Fig. 111).
synaptic potentials. TIhe channel conductance was estimated from the

Rccordings of single channel currents were made slope of a regression line, calculated by the least-
using the patch clamp technique of I lamill et al. , . squnares nmethod, to he 19 pS. fIn contrast, adult P~ra-
The patch clamp microcelctrodes were mnade from midlal cell% have GAIIA-gated C1* channels with at
horosilicate capillary glass (A atid( N Systtem%) and conductane of 201)S p t( membrane potentials more
had a resistance of 3-5 MO2 when filled] with record- ngtive tI nt na.Ilwvr stemmrn

ing solution. An LM IC7Patch C'lamp System potential was made more positive the single channuel
(List E~lectronic, F. R.G. ) was us~ed to record the sin- conduictance vailtie' increacd-'". Cultured spinal cord
gle chiannel cujrrents. The dlata were stored on IM eticron% had GAIIA-ictivated channels with a con-
magnetic tape (Racal) for later computier analysis. ticlucance of 19-21 pS-' 2' and a linear current-vol.
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Fig. I . Charactcritics of GAI3A-aclivaied chzý:ridc channels. A: examples of single GAUA-activated currents recorded from inside-
out patches. The values arc thc mcnmhjanc potenitials ini mV c, baseline current level. o. current lc-vel following opening of single
chloride channels. B3: single channel current aomplitude plotted versus memribrine potentiall. Each poiat represents the mecan of the cur-
rent amiplitudes recorded from 4-7 patches. Thc vertical ba:s represent the standard deviations, 'the slople conductance was deter-
mincd to he 11) pS from the %lopc of a !iic ralculatcd by the lcasr-sýquarcx method of linear regression. C: plot of sinele channel condJuc-
tanice and roenthratic poatential. 'I he chatnnel condtictrincc wa.1 calcildatCd from the amplitudle as shoun in B. The vertical bars represent
!hc ;!andard dcviation of the incan. Tlie nican vatues arc n~ot significantly different ftorm each other as determined by analysis of vari.

tage curve over a range from -100 mV to +70) tials22-24. An alternativc explanation for this lack of
rnv 22d24. rectificatiotn was that the culturec environrncnt wits

In our study, GAIIA-ictivatled currents of Ilic cttl. rot conducive to the developmecnt of cll;itie!s which
lured hippocamnpal ncurons did itot rcctify at any oif rectify ;'t l"tistvc potcentials.
the nictsbranc potenlials studied. Thle absence of Thle totean channel lifetimes of thc open state were
outwatrd rectification was also oh-;ervcd wlteti thce sin-
gle channel Conductatnce was plottcd versus mnett- rAttLE I
branc: potential (Fig. IC). Thle conductance of the Vi pp twiict and burst lities fori GoRt /-activated chloride
single channels wits not signil icatttly diffct ettt at i~Currets

tncrnbranc potential range of -80I mV to +701 mV (I' Vjhiteliare meant t S.D.
<~ 0.0)5. analysis of varianicc.25 ). HIte rectification tof ____________

GABA-aectivatted currents may reflect aI modifical ion Afrnrranr pourinal O~pen fiime floirst duruaton

of file channel which occurs as- tltc teuroos tinitu ore l V) om a

front emnbryos to adults. Six to 14 days in cullutc was% 0.' i 3 3.7 ± 01.2
1-71 L., tU.1 3.5 ± 0.2

not cnoughli time for the ;tppearatice: of irctlificationt In ixl-8 1.. ± 0t.1 41) 0 1.3
tltcsc channels. Interesting in this regard wits the -(A).1.1 1 U.6 4.7 0.13.
observation thiat cultured spinal cord ttcurots diad tot -70t 2.3 ± 0.2 4.4 0 Il

-X80 2.7 ± t9.2 5.10 0 .3shtow rectification at positive mcnihranc: posten.
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between 1.5 and 3.1 mns at the membrane potentials inns. Additionally, tl~e conductasnce values were sim-
tested (Table 1). Due to the low amplitude of the ion- ilar to those reported for cultured spiral cord neurons
ic currents and the inability to unambiguously resolve and adult hippocampal neurors recorded from hip-
the open durations from thc noise of the baseline, the pocnmpal sliXes. T-he cultured neurons did not have
open and burst times at membrane potentials be- 'he pronounced rectification seen at positive mem-
tween -50 and 50 mV were not included. The open brane potcntiails iii tht adult neurons. This !ack of
time and burst time histograms were both fitted by recýtification may reflcct the physiological condition
curves whic~i were the sum of two exponential fuoc- of channels at an early stage of dtvelopment or the
tions. The first function had a decay time constant of effect of growth in culture.
0.5 mis which was less than the rolloff of the filter and
its significance was not determined. The lifetime esti- We are indebted to Dr. Neville Brookes for the use
mates were not corrected for missed fast -%ven*,s. The of the ccll culture ficl~iries and many helpful sugges-
open times (see Table I) were similair to the 2.5 ms tions. WVe thank Mrs. Yvonne Logan for skillful' tech-
open times of GABA-activated channels of adrenal nical assistance and Ms. Mabel Zelle for expert com-
chromnaffin ceiY.!. puter proggramming. This project was supported by

These data demronstrate that channels activated by U.S. Army Mfedicazl Research Development Coin-
GABA were present on cultured hippocamnif ncu- mand Contract DAIMD-l7-)S4-C-4219.
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Meproadifen enhances activation and desensitization of the
acetylcholine receptor-ionic channel complex (AChR):

single channel studies

Y. Aracava* and EX. Albuquerque

Department opf Pharmacology and Experinwiteal 7"hemreuics, University of Aaryland,. School iJ" Afedicine, 660 W.
Rcdwood Street. BalIt imore, MD 21201. USA

Rcieivcd 10 July 1984

The effects of the quaternary agent nmeproadifen on ACh-activatcd chaunel currents were studied on myo-
balls cultured from hind limb muscles of neonatal rats. Mcproadifen (0.02-0.1 pM) combined with ACh
(0.1-0.3 pM) in the patch pipette caused an increase, followed by a decrease, in the frequency of channel
openings. At concentrations greater than 0.2 pM the initial phase was not detected and a rapid and marked
reduction in the opening frequency was observed. Meproadifen (up to 2.5 uM) produced nu change in the
duration or conductance of the open state of ACh-activated channels. In addition, this agent induced the

* appearance of events with a marked increase in the 'noise' during the opening phase. The lack o" effect
under inside-out patch conditions suggested that meproadifen binds to a site located at the external portion
of the nicotinic macromolecule and has no access to it through the cell membrane. This study indicated
that non-competitive antagonists such as meproadifen can facilitate receptor activation and desensitization.

Meproadifen Nicoainic acefylcholine receptor Single channel current Endplate region
Activatioi-dtesvensitiz-ationt

1. INTRODUCTION tion of junctional anti extrajunctional response to
microiontophorctic application of ACh. More-

Previous studies on the acetylcholine receptor- over, persistence of these effects in the absence of
ionic channel complex (AChR) of the frog neuro- any significant change in either the time constant

• muscular junction and the Toipedo electric organ of the EPC decay phase (rErc) or the single chan-
membranes have shown that the quaternary agent nel conductance and mean lifetime determined
meproadifen (fig.!) increases the affinity of the from noise analysis indicated that meproadifen
agonist for its binding site and enhances desensiti- exerts its affects on activation of ionic channels
zation [1,2]. The electrophysiological assertions withiut affecting the conducting species of the
were based on a series of observations including: (i) AChR complex.
voltage- and time-dependeat depression of the end- Our objectives are to observe the effects of
plate current (EPC) peak amplitude as revealed by meproadifen on properties of single currents; to
nonlincatity and hysteresis in the current-voltage
relationship; (ii) rundown of the EPC amplitude
with repetitive nerve stimulation, and (iii) reduc- SC2H5

+1
Recipient of fellowship from FAPESP and CNPq, C ?HT"C-COOCH 2CH 2_N-CH3
Brazil. On leave of absence front Departmen|t of Phar-
macology, ICB, University of Sao Paulo, 05508 Sao 0_ 2HS
Paulo, Brazil

Fig.I. Chemical structure of meproadifen.
Published by Elsevier Science Publishers H. V.
00145793/84/S3.00 Q 1984 Federation of European Biochenical Societies 267
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characterize at the level of the elementary currents formed Epontaneously (i.e., without addition of
enhancement of desensitization induced by an in- colchicinc) in 1-2-weck-old 1.ultures, were used.
crease in agonist affinity for its rcccpior site; to Upon removal of cultures from (ie incubator, the
estimate the location of the meproadifcn binding nutrient medium was replaced with Flanks' solu-
site on the AChR complex and to determine the tion [composition (mM): NaCI, 137; KCI, 5.4;
access route to it by a selective application of the NaHlCOs. 4.2; CaClz. 1.3; MgSO 4 ,0.81; KH 2 PO 4 ,
drug to either side of the cell membrane tinder dif- 0.44; Ni:liPO4 , 0.34; D-glucose, 5.5; Hepes, 10;
ferent patch-clamp conditions. An abstract of this pH 7.21 to which was added tetrodotoxin (TTX,
work has been presented [31. 0.3/iM) to abolish the cell contraction. An LM-

EPC-5-Paitch System (List Electronic) was used Io

2. MATERIALS AND METHODS record single channel currents which were filtered
to 3 KHz (second order, Bessel low pass) and

The single channel current recordings were per- stored on FM magnetic tape for computer analysis.
formed at 10*C on myoballs cultured from hind The data were sent to a PDP 11/40 minicomputer
limb muscles of 1-2-day-old rat pups using the im- through a fourth-order Butterworth (low-pass)
proved patch-clamp technique [4]. Myoballs, which filter (1-3 k-lz), to improve the signal-to-noise

IN PIPETTE: ACI. 0 V.M + MEPiOAOWft. VW

'000

-t 2 4 4 .5 4 S

4 +

CURRENT A4P.UTUOE (PAl CUMENT AMPUFUOS (lVA)

I S

-2 0 2 4 0 AI2
.;.ANSNT AMKITUDE (PAI CtWAN? AMA.IIUCOO P~

MOt.D0 "PENYIA. - 40 OW

Fig.2. Total amplitude histograms of channel currents recorded at various time intervals (pipette contained a mixture
of 0.3/aM ACh and 0.5#M meproadifen). The abscissa showvs (he currewt amplitude in pA. The largest peak, centered
around 0 nV, represents the noie level of the non-conducting state of AChR complex. The position of the second
largest peak on the abscissa (2.7 pA) indicates the amplitude of the stingle channel current. The peak at amplitude of
4.2 pA corresponds to ACh-activated channels with higher conductance frequemily observed in rat myoballs under cot-.

trol conditions [RI.
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ratio and digitized at 2-10Kh~z. An automated thc cell membrane via the patch micropipettes did
analysis provided amplitude and open time histo- not alter the properties of ACh-activatcd single

* grams from wvhich the conductance and nicaa openf channel currents, i e., both channel conductance
time of ACh-activatcd chiannels wcere estimated. and thce duration of the open state wcre similar to
Details of I le patch-clanip experiments and thc cell control values obtained with ACh alone inside die
culture procedure have beeni described [5]. mnicropipette (fig.2,3). The open channel histo-

grains showed an excessive number of short events

3. REULTSwhich contributed to a depatture from a single
3. REULTS xponential distribution similar to that seen under

Interaction of nieproadifen and acctylchotinc at control conditions. However, mneproadifen caused
the nicotinic receptor-ion channel comiplex of a marked effect on the frequency cf ACh-activated
neonatal rat myoballs: In our recordings, a high channel openings (fig.4, table 1). Mecproadifen
percentage of ACh-channel openings disclosed a (>0.2,aM) produced an immediate and a concert-
conductance value (obtained from the slope of the tration-dependent decrease of the opening fre-

*currenit-voltage plot) of 20 pS. Events with conduc- quency, detectaole at the first minute after the
tance of 33 and 10 pS were also observed [6]. establishment of the gigaolim seal, such that at
Application of meproadiferm (0.02-2.5 1 ,M4) to- above 2.51,M no channel activity could be re-
gether with ACh (0.3 #M) to the external surface of corded. An intitial increase in the frequency of

0I P,,.,qrr 4GSY3 t 250-

tam IN PiPETTE: ACli (.3 pM

200- 0.2 p

a-0 1.0 PM

(> 2.5 JIM

ISO

N1 N0a *

ACA)0.3g*M + IF00AW111 .0 1 0
>' 100-

WAN6 C"A"44 0111 Tom6 ~301*

50.

06 Ift a~ TIM* AIFIER GIGASIAL (60.1
0"a66 Imelta (-".sI

Fig.3. Open time histograms of channel currents ic- Fig.4. Conccnt ration -dependent effect of mcproadifen
corded with the patch m:icropipcttcs conitaining ACh on the freqiuency of channel openings. Gigaolun seals
(0.3,uM) alone arid together with mneproadifen (0.5#M). were established with the pipette containing ACh 0.3,&M

Holding potential -14OniV. and rneproadifen at different concentrations.
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Fig.7. Application of meproadifen via the both in inside-out patch condition -fter the establishment of the gigaohm
seal. Total amplitude and open time histograms corrmspond to single channel currents activated by 0.3 aM ACh before
(left) and after 15 min exposure to #pM meproadifen. The peaks located at 2-25 and 4.5 pA on the abscissa represent

respectively the current amplitude of a single channel opening and two channels opening simultaneously.

time constant of the endpoint currents (EPC), by meproadifen [7]. On the other hand, at the
single channel current recordings revealed that macroscopiic level, this phenomenon might be
meproadifen did not significantly change the single evidenced by a use-dependent depression, or rtm-
channel open time. However, ACh-activated single down, of the EPC amp~itude and the marked de-
channels recorded in the presence of very low pression of the junctional and extrajunctional.
concentrations of meproadifen (0.02-0.01 /1M) sensitivity to microiontophoresis of ACh observed
produced an initial increase in the frequency of in thc presencrofS-20pM meproadifen [2]. More-
channel-opening events which was followed by a over, at suitable concentrations this agent induced
significant decrease in channel activation. The ini- appearance of events with an increased number of
tial increase in channel opening frequency was not very short cosures and broadening of the baseline
detected at concentrations of the agent greater during the ope state. Although further studies arc
than 0.2#M, and only the latter phase of the drug required to evaluate this a'teration of the baseline
action, i.e., a rapid and marked depression of during channel opening, it is tempting to speculate
channel opening frequency was observed (fig.4, whether these altered events are correlated to the
table I). Enhanced grouping of channel openings high affinity species of the nicotinic AChR com-
followed by long quiescent periods may reflect en- plex. A similar effect, but to a lesser extent, was
hancement of the receptor desensitization induced exhibited by odher agents such as pyridostigmine
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which aside from anticholinesterasic activity also larly, whoa mcproadifcn was supcrfused in the
increased the affinity of the agonist for its binding bathing medium outside the pipette in cell-attachcd
site, enhanced receptor desensitization and be- patch condition no significant change was ob-

* havcd as a weak agonist at the AChR complex [5]. served in the properties of the single channel cur-
This pattern was not shared by agents such as bupi- rents. Assuming that meproadifcn is not able to
vacaine (see fig.6) which acted essentially as an pass through the space between the micropipette
open channel blocker and had no effect on agonist- and the cell surface after the establishment of the
induced receptor desensitization [6,81. The absence gigaohm seal [4,5], these results suggest that the
of any alteration of the properties (amplitude and drug also does not diffuse through the cell mem-

* channel lifetime) of the single channel currents brane. Similar findings were reported for other
activated by AC!I, suggested th,'t meproadifen did quaternary agents such as bupivi'caine methiodide
not aflect the conducting species of AChR comn- [6] and QX-222 [13]; however, [,.e anticholinester-
plex. As proposed for plienothiazine ncuroleptics asic agent pyridostigminc has a definitive effect oil
[91, which cause an increase in the affinity of ACh the ACh channel activation under any patch-clamp
for its binding site and induce desensitization, conditions [5]. Additionally, the absence of any

* meproadifen at suitable concentrations may inter- effect when this agent was applied to the bathing
act with the resting, nonconducting species of the medium under inside-out condition, suggests that
AChR complex to stabilize it or shift the cqui- most likely there is no site for nieproadifen inter-
librium between the concentrati-ns of the closed, actions at the internal segments of the AChR
activated and open AChR in favor of a descusi- macromolecule. The availability of more selective
tized conformation. However, meproadifen and agents such as bupivacaine, which exhibits a power-

* phenothiazines may bind to a different class of ful blockade of the open conformation of the ACh
sites, proposed for drugs which stabilize the high channels, and drugs such as meproadifen and
affinity species of the AChR complex, which in- phenothiazines, which have the capability of
cludes one which is sensitive and one insensitive to accelerating the desensitization of the nicotinic
voltage [10-12]. In contrast to the phenothiazincs, receptor, has allowed a distinction between the dif-
the enhancement of desensitization by mepro- ferent sites at the ionic channel of AChR complex
adifen may be due to its preferential binding to a which are known to bind a great variety of non-
voltage-sensitive site at the AChR complex. In addi- competitive antagonists [14].
tion, the appearance of low-conductance events
(fig.2) in the presence of this agent could bc related ACKNOWLEDGEMENTS
to a weak agonistic property similar to that of pyri-
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INTRODUCTION

In the last 15 years, our knowledge of receptor function has been advanced con-
siderably by studies of the acctylcholine-receptor-ion-channd complex (AChR) of the
neuromuscular junction. The occurrence of nicotinic AChRs at very high densities in
Torpedo and Electrophorus electric organs made this membrane receptor easily avail.
able for study. In addition, specific chemical probes for the different active sites have
contributed significantly to our understanding of the morphology and function of this
receptor. In the early 1970s, a-bungarotoxin (ct.BGT) was isolated from snake venoms
and was found to bind irreversibly and specifically to the acetylcholine (ACh) rec-
ognition site on the nicotinic AChR.The availability of such a highly selective probe
allowed the isolation, purification, functional reconstitution into artificial lipid men.
branes, and, ultimately, cloning of the different subunits that comprise tht; nicotinic
AChR.'- The pharmacological characterization of another class of tosins, the his.
trionicotoxins (HTX). isolated from skin secretions of frogs of the family Dendro.
batidae," disclosed an important new class of sites on the nicotinic AChR. These
sites, dist~ict from the agonist recognition site and most hkely located on the ion
channel component of the AChR. are responsible for allogteric alterations or non-
competitive blockade of neuronmuscular transmission. Drugs with distinct and well-

"This research was supported by United States Army Medicall Research and Development
Command Contract DAMDI7-84-C-4219 and by United States Army Research Office Grant
DAAG 29.85-K-0090.
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known pharmacological activities on the peripheral as well as central nervous systems,
such as tricycliz antidepressants,' phenothiazine antipsychotics,' the hallucinogenic
agent phencyclidine (PCP),'9 local anesthetics,"-" antimuscarinics," anti-

* icholinesterase"" agents, and many others have been shown to modify noncompeti-
tively the activation of the AChR.' Also, in the 1970s, new approaches were taken
to questions related to channel gating; for example, macroscopic descriptions were
replaced by microscopic kinetic models. More refined biophysical techniques-for
example, the patch-clamp method, which allows the recording of singlc-channel cur-
rents-have disclosed finer aspects of the permeability changes initiated by the binding
of the agonist molecules.'"' On the biochemical front, rapid-mixing methods have

* ' been used to measure acc-cately early conformnational transitions of nicotinic receptor
molecules."' These studies showed that activation of the nicotinic AChR comprises
complex mi.croscopic gating kinetics; that is, the conformational changes of the protein
may involve transitions through many states, on different time scales, and with distinct
voltage dependencies.

In the present work we invertigated the interactions of reversible and irreversible
choliniestcrase (ChE) inhibitors with the nicotinic AChl. The organophosphate (OP)

* compounds and carbamates, in addition to their well-known interference with cho.
linergic transmission through ChE inhibition, have been shown to have agonist, de-
sensitizing, and channel blocking properties at the postsynaptic nicotinic
AChR."•'" These direct actions of ChE inhibitors on the nicotinic AChR may
account partially for the distinct ultrastructural myopahies observed among different
carbamates as well as for the effectiveness of (-) PHY as a prophylactic drug against
poisoning by irreversible C.hE inhibitors."a" Indeed, more recently, studies with the
optical isomers of PHY have shown that the (+) form has negligible anti-ChE activity
compared to the natural (-) PHY, yet the former produced marked agonistic effects
at the nicotinic AChR." In spite of its weak ChE inhibitory activity, this optical
isomer was effective in protecting animals against multiple lethal doses of OP com-
pounds. With the characterization of the pharmacology of (+) PHY as well as other
carbamates and OP compounds, we hope to gain insights into the molecular mech-
a..isms underlying cholinergic diseases, such as myasthenia gravis, and poisoning by

* irreversible ChE agents and to provide some pharmacological basis for design of an
effective drug with minimal side effects. In addition, a possible involvement of cyclic
AMP in AChR desensitization has been suggested by recent studies with forskolin,
a specific activator of adenylate cyclase.' These findings raise the possibility that
chemical toxins such as OP compounds may interfere with receptor activation via
phosphorylation of the membrane receptor of certain protein kinases.

METHODS AND MATERIALS

Electrophysiolerical Recordings

Endplate current (EPC) experiments were performed on the frog Raea pipiens
using the sciatic-nerve-sartorius-muscle preparation according to procedures described
elsewhere." The frog Ringer's solution had the following composition (mM): NaCl
116, KCI 2, CaCl, 1.8, NattPO, 1.3, NalfPO, 0.7, with final pil of 7.0 ± 0.1. EPCs
were recorded from a glycerol-pretreated preparation, using a voltage-clamp circuit

* .1
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similar to that described by Takeuchi and Takeuchi" as modified by Kuba and
collaborators.'0 The EPC waveforms were sent on-line to the computer (PDP 11 /40)
at a digitizing rate of 10 kHz. The decay phase (80%-20%) was fitted to a single
exponential function (linear regression on the logarithins of the data points) from

S...:.• which the EPC decay time constant (r'c) was determined. All EPC experiments
were performed at room temperature (20-22"C).

Junctional and extrajunctional sensitivity to acetylcholine was determined on in-
nervated and 10-day denervated sodius muscles of female Wistar rats (180-200 g).
The physiological solution had the following composition (aM): NaCl 135, KCI 5,
CaCI2 2, MgCl, 1, NaHCO, 15, NaHPO, I and glucose 11, and the pH was 7.2-7.3.
The details of this technique and the procedure for determination of junctional ACh
sensitivity are described elsewhere."'" In a typical trial, the focal region of the
endplate was located by searching for miniature endpiate potentials (MEPP) with rise
times less than 0.8 msec; once the focal region was fociad, without removing the
recording electrode, the tip of an ACh-containing pipette was positioned as close as.
possible to the endplate, and brief (0. 1-0.2 msec duration) charges were applied. Under

* . .these conditions, ACh potentials with a rising phase of < 0.8 msec could be elicited.
One or two ACh potentials (1 Hz) were followed by a train of 100-200 pulses delivered
at 8 Hz. and at the end of the trnin, single responses were again elicited. After 3-4
control !teady responses, the muscle was perfused with the desited drug and the
potentials recorded at 10 min intervals up to 60 min.

Single-channel currents elicited by the activation of nicotinic AChR were recorded
from single fibers isolated from the frog Rana pipienz The procedure for the isolation
of these muscle fibers and the details for the recording auad data analysis are described
elsewhere.'"" Briefly stated, single muscle fibers were isolated from the interosseal . '
and lumbricalis muscles from the largest toe of the frog hind foot. The physiological
solution used was the frog Ringer's solution described earlier. Dissected muscles were
treated with collagenase (Type 1, Sigmis, I mg/ml) for 2-2.5 hr followed by protease
(Type VII, Sigma, 0.2 mg/ml) for 20 min. The single fibers were stored overnight at
5VC in a solution containing bovine serum albumin (0.5 mg/ml). For patch-clamp
recordings, isolated muscle fibers were secured in a minichamber using an adhesive
mixture of parafilm and paraffin oil (30-70%)."-" The bath and the drug solutions
were made with IIEPES-buffered solution consisting of (mM): NaCI 1[5, KCI 2.5,
CaCl, 1.8. and 4-(2-hydroxyethyl)-I-piperazineethanesulfonic acid (HEPES) 3, with
a pH adjusted to 7.0 "t 0.1. Tetrodotoxin (TTX, 0.3 RM) was added to all solutions
to prevent fibers from contracting. Micropipettes were prepar-d in two stages" from
borosilicate capillary glass (A & M Systems). The tips of these pipettes after heat
polishing had an inner diameter of 1-2 lim and a resistance of 8-10 Mfl when filled
with HEPES solution. An LM-EPC.7.patch-clamp system (List Electronic. West
Germany) was used to record the single-channel currents at various holding putentials.
All recordings were made under cell-attached patch configuration unless otherwise
noted and at temperature of 10"C. For computer analysis, data were filtered at 3 kHz
by a .econd-order Bessel low-pass filter and sent tn the computer ast digitizing rate of
12.5 kllz from an FM magnetic tape. Histograms of total current amplitude and
channel open. channel closed, and burst times were provided by an automated com-
puter analysis program. A channel was considered open when data points exceeded
a se• number of standard deviations from the baseline (usually corresponding to 50%
of the unitary channel conduciance). Similarly, a channel was considered closed when
the signal returned to within 50% of the unitary conductance. Thus, open times are
the intervals between two consecutive closures. It should be noted that a short closure,
or "flicker," ir it reaches a given threshold, terminates the chamnd opening. A burst
is an open event separated from the consecutive opening by a closed intervaJ > 6.4
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msec. Thus, a burst appeart as a long channel opening chopped by many short closures.
The open or blocked duration histograms were fitted to a single exponential function,
and the time constant was determined. Thc details of these analyses are described
elsewhere."'

Drugs and Toxins

ACh chloride, (-) PHY sulphate, ncostigmine (NEO) bromide, edrophonium
(EDP) chloride, diisopropylfluorophosphate (DFP), and atropine sulphate were pur-
chased from Sigma Chcmical Co. (St. Louis, MO) and TTX from Sankyo Co. (Tokyo).
(+) PHY saiicylate was prepared by the route published in the Journal of Natural
Products (vol. 48, i985, pp. 878-893). Pyridostigmine (PYR) bromide. sarin, soman,
tabun, and VX were provided by the U.S. Army Medical Research Institute of
Chemical Defense (Aberdeen Paoving Ground, MD). a-BGT and a-Naja toxin were
kindly provided by Dr. M. E. Eldefrawi (University of Maryland, Baltimore, MD).
Forskolin was purchased from Calbiochem (San Diego. CA), and the analogs 1,9-
dideoxyforskolin and 14,15-dihydroforskolin (kindly provided by Hoechst Pharma-
ceutical Ltd., Bombay) were dissolved in absolute ethanol to concentrations of I mM
and stored at 4"C. Propyleneglycol was used to prepare DFP stock solution. All stock
solutions were stored at - 25"C and diluted to desired concentrations with physiological
solutions prior to use.

RESULTS AND DISCUSSION

Open Channel Blockade by ChE Inhibitom

Open channecl blockers as well as other nonconr. ptitive antagonists of the nicotinic
ACbR are generally amines or quaternary ammonium compounds. Most of the evi.
dence for open channel blockade has been derived from EPC decays.""" In the
presence of open channel blockers, EPC decays are accelerated in such a way that
the time constant for these decays (r,,) is shortened linearly as the concentration of
the blocking agent increases. This alteration in rE,.c is exponentially dependent on
voltage and becomes more pronounced with hyperpolarization. FIGURE I illustrates
these effects produced by the n~atural (-) PHY, which in addition to its well-known
anti-ChE activity at the neuromuscular junction blocked the postsynaptic AChR.
Typical alterations on the EPCs due to ChE inhibition were apparent at concentrations
of (-) PHY-but siot (+) PHY; see FIG. 16-ranging between 0.2 and 2 AIM. As
shown in FIGURE 1, relative to control conditions, an increase in the EPC peak
amplitude and a prolongation of r, were observed. Increasing concentrations, how-
ever, produced a concentration-dependent depression of the EPC peak amplitude and
an acceleration of its decay. The decrease in r,,c occurrcd concomitantly with a
gradual loss in the voltage sensitivity normally s-en under control conditions. These
effects on EPC.s were intert.reted as resulting from blockade of the open state of the
AChR ion channels. Biochemical data confirmed these findings, showing that (-)
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FIGURE 1. Effect of(-) physostigmine on endplate currents recordea from the frog. Voltage-
dependence of EPC peak amplitude (A) and r%ý (B) under control conditions (0) and in the
presence o" 0.2 (0). 2 (A). 20 (0), 60 (A). and 200 i.M (CQ) PHY. In 11, at membrane
potentials between +20 and +60 mV. (a) aid (X) represent r of the fast and slow phases
of the EPC decays, respectively, in the presence of 200 A.M PHIY.

PIIY inhibits the binding ofa channel probe-the radioactive perhydrohiistrionicotoxin
([•fH]H,,HTX)-in the presence of agonist." Most of the experimental data could be
explained by a sequential model,"''" which can be written as follows:

diffusion

nA + R;:A.R A.R 'A.,R'D
k_, k_,(V) 6k, (V)

hydrolysis

According to this scheme, the blocking agent D binds to the open state of the
channel (AR*), activated by usually two agonist molecules (A) to form a blocked
state (A.R6D) with no conductance. Under physiological conditions, the formation
of A.R* has stopped by the time the peak of the EPC has been reached, so that ,,,
is a reflection of the lifetime of the open ion channels. The duration of the open state.
and therefore rc, is governed by the rate constant for the spontaneous channel
closure (k_,)."" Binding an open channel blocker will induce a concentration- and
voltage-dependent acceleration of the EPC decays as a consequs-nce of shortening of

leii
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the open state of the channcl. AChR now egresses from A.R* via two routes: (1) by
spontaneous closure towards A.R; and (2) by blockade of the open channels, which
depends upon concentrat ion of the blocking agent and the second-order rate constant
otr binding, k,. In the case that k-, is negligible, the reverse reaction A.R*D -

A.R* I- C is too slow to contribute to the EPC, and the decay will be a single
exponential function of time." On the other hand, if both rate constants k, and k_,
are fast, the reverse reaction will be significant enough to contribute tc the EPC, thus
yielding double-exponential decays." However, the blocking effects by anti-ChE agents,

particularly a: low concentrations, are difficult to observe due to the prolongation of
the EPC decay induced by enzyme inhibit.on and the resultant excess ACh. Addi-
tionally, under conditions of ChE inhibition, other mechanisms of blockade, for ex-
ample, reduction of the number of free receptors either by a competitive antagonist
(e.g., a-BGT) or by a closed channel blocker, result in acceleration of the EPC decay."
The blocking mechanisms ,can be more adequately studied at the single charnel current
level.'' 2'0 Due to collagenase-protease treatment, the muscle fibers used in our studies
are devoid of significant ChE activi'y. Thus, this preparation is very suitable for studies
of the direct interactions of ChE inhibitors with the postsynaptic AChR.

On single channel currents, a rapidly dissociating blocker induces bursting-!ype
behavior. According to the sequential model presented earlier, the bricf openings and
closings within a burst correspond to fast unbinding and rebinding of the blocking
drug to AChR. AChR undergoes many transitions between open and blocked states,
until finally A.R* undergoes a conformational change towards its resting state. The
local anesthetic QX222, a quaternary derivative of lidocaine,"... and, among ChE
inhibitors, NEO and EDP represent examples of this type of btlockzde. Although both
NEO and EDP at very high concentrations have agonist activity at the neuromuscular
ACchR (see next section), the primary effect of these agents resul:s from their inter-
actions with the open state of ion channels activated by ACh. As shown in FIGURES
2 and 3, in .he presence of NEO and EDP, at concentrations ranging between 0.2
and 50 4.M, channel currents, normally rec&..gular pulses, were chopped into bursts
of rapid openings and closings. Channel open times, i.e.. the multiple open intervals
within a burst, were shortened in a concentration- and voltage-dependent manner
(FIGs. 4 and 5). The open time distribution was fitted to a single exponential function
denoting existence of one open state. The blocking effects were more pronounced at
hyperpolarized potentiais, and the strong "oltage sensitivity of mean channel open
time-s (r.). observed under control conditions, was progressively decreased by increas-
ing drug concentration (FiGs. 4 and 5). These alterat-ons were kinetically consistent
with the predictions of the scquei,tial model presented earlier. According to this model,
r. = (k, + [D] k,)-'. Thus, r. would be linearly related to'the concentrations of
the blocker, and the slope of this curve would correspond to k,. Uinear plots wer!
seen between the recipiocal of r. and concentrations of either NEO (FIG. 6) or EDP
up to 50 jLM; k, was estimated to be 0.047 and 0.056 mscc-'jM', at -125 mV
holding potential, for NEO and EDP, respectively, with an e-fold change per 165 mV
(NEO) and 190 mV (EDP). The decrease in voltage sensitivity ofr. can be expected,
cor.sidering the opposing voltage dependence of k-, and k, (see inset Uf FIG. 6).

The blocked state (short closures within a burst) has also been analyzed. According
to the model mentioned, the duration of this state is controlled by k, which is
exponentially dependent upon voltage. The blocked state was more stable at more
negative potentials, as predicted by the voltage sensitivity of k..,. The inset of FIGUiRE
6 shows the values for k.,, expcritrentally determined from the reciprocal of the
mean blocked time (rT) at different holding potentials. Similar values were found for
NEO and EDP. For example, at -125 mV holding potential, the values obtained
were 2.0 and 2.1 msee"' for NEO and EDP, respectively. The voltage sensitivity of

I I
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Previous investigators have shown that the voltage dependence of KD can be described
by a Boltzmann distribution.?"'"i Therefore, the argument of the exponential should
be

-ze5V/kT,

where ze is the charge of the drug, 6 is the :Laction of the membrane potential sensed

by the ion as it reaches its binding site, V is the membrane potential, k is the Boltzmann
constant, and T :r the absolute temperature. For NEO, a value of 0.47 was found.

I Assuming a constant membrane field, the binding site should be roughly half way
across the membrane. For EDP, similar vAlucs were obtained.

ACh 0.4 IoM

•l) •ACh 0.4 )IM . EDP

5 uM".
20 PM"
50 uMe

w0 0

zS10

0~ 0~~

-220 -180 -140 -100 -60

HOLDING POTENTIAL (mnV)

FIGURE S. Effect of edrophorium on open times or ACh-2ctivated channels. Same as the
previous figure. Symbols represent ACh either alone or together with different concentrations
of EDP.
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FIGURE 6. Relationship between the reciprocal oft mean, cIa open times and neostigmine
concentration. Membrane potentials were -95 (0). -125 (N)J -15S (A) and -15$ mY (0). 1
Inse• r Voltap dependencies of'kI (top), and k, and k., (btntem)...Jid S .UMies are the best fit
obeaintj by linear regression.

Single channel conductance remained unchanged at all concentrations of both
NEO and EDP tested, denoting a nonconducting blocked state, as predicted by the
model. However, a decrease in single channel conductmnce has been reported by Sine
and Steinbach," using high concentrations of ACh-and more recently by Shaw and
collaborators," studying (-) PHY. This effect may reflect a very rapid dissociation
of the blocker, such that the underlying flickering is so fast that the individual openings
are blurred by the limited bandwidth of the patch-clamp amplifier, and they are seen
only as extra noise and a lowered conductance. Indeed, in the. presence of (-) PHY,
the currents activated by ACh, appeared not as square-wa;e pulses. but as irregular
and noisier currents. These altered currents could be induced by (-) PHY at con-
centrations as low as 0.1 ;LM (Fl.O 7B). The incremaig presence of short gaps con.
tributed to the shortening of the open times in a oticentration"-dependent manner,
up to 200 IM PHY. Increasing concentrations of PHY dia not cause a further decrease
in the channel open times, and single-channel conductance was also decreased from
30 pS to IS pS at 200 jIM PHY with no additional effae at higher dam of this agent.
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The difficulty in fitting patch-clamp data to the sequential model may also be due to
additiornal actions of this carbamate on the nicotinic AChR (e.g., agonistic action; see
!Clow).1 . With a slowly dissociating blocker, the blocked interval is long when compared
to the open times, yielding very long bursts of widely spaced short pulses that can
no longer be recognized as bursts. This stable blockade of the open channel of the
nicotinic AChR is produced by a number of drugs, such as the local anesthetics
bupivacaine"u" and QX314," triphenylmcthyl-phosphonium," and the ganglionic
blocker mecamylamine." Among ChE inhibitors, the OP compound VX produces
this type of blockade." In the presence of VX (1-50 juM). the currents activated by

* ACh (0.3 4M) appeared as isolated short pulses (Fic, 8). Channel open times were
shortened in a mminer kinetically predicted by the sequential model: ' was decreased
linearly with increasing concentration, and the blockade was more pronounced at
hyperpolarized potentials (FIG. 9). The rate constant for VX binding was estimated
to be 0.0095 msec-'M-' at a holding potential of - 125 rnV, about 5-6 times smaller
than that obtained for NEO and EDP. However, the voltage sensitivily of VX was
comparable to that of the carbamates, such that k, showed an e-fold change in 150

.0.

SA B

V D

i
*I

FIGURE 7. Single channel currents in the presencor(-) physostigmine. A: Agonist actions
of (-) PHY. The patch pipette was filled with (-) PHY (0.5 AM) alone. &-D. ACh-activated
channels in the preselce of (-) PIHY. Pipette solution contained ACh (0.3 1M) plus either
0.1 (B). 20 (C) or 50 (D) I.M PHY.
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mV. The slow dissociation of VX precluded the determination of k-j. At all conceit-
trations tested, VX did not change single-channel conductance.

C/rE Inhibitors as Nicotinic 4gonisfs

Biochemical and clectrophysiological studies have provided strong evidence for
* I agonist action of the carbamates and OP compounds on the nicotinic AChR.. Bio.
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On the frog Msoated single muscle fibers. (-) PHY, in addition to bMocking ACh-
activated channel currents, was able to activate channel openings at concentrations
as low as 0. 5 )LM. The currents generated by (-) PHY. hoseves were different from
those activated by the neurotransrnitter (Fic. 7A). At all - , mrations tested (0.5-200
;LM), (-) PHY generated irregular currents with inanme short gaps during the
open state, similar to those events observed in the pre of a mixture of ACII and
PHY. Single-channel conductance at low concentrationsuan ciose to that of ACh-i.e.,
-30 p5 at IO*C-and decreased at higher doses. Thus. (-) PHY. ina addition to its
well-known ChE inhibitory activity, interacted with the postsynaptic AChR. producing
distinct blocking and agonistic effiects

NEO and EDP also disclosed some agonistic proe. m though only at very high
concentrations. At concentrations > 20 fLM, NEO genermed infrequent and very brief
channel currents. At high concentrations (e.g.. S0- 100 p14) sonsc bursts composed
of very fast openings and closings were observed (Fto. 1%) Single channel conductance
was similar to that of channels activated by ACh. EDP. so the other band. activated
channel openings with irregular and increased noise level doling the open state (Fla.
10). Channel activation by EDP tended to disappear at dw hyperpolasizes potentials
at which recordings were made. They could be reactivaud after a period of depolar-
ization. Among OP compounds. soman disclosed agim properties.!" However,
unlike strong agonists such as ACh and anatoxin-a' these asti-ChE agents did not
yield a measurable membrane depolarization. This may be do to weak agonist activity
generating fewer simultaneous channel openings.

Enhaneement of "Desenuitization Hby AntiCWr Ageufr

Alterations of Mhe Macroscopic and Elementary Endplate Canents

Many other compounds interaict with sites on the nientinic AClSR other than the
agonist recognition site and allosterically enhance AChR dueseilizationt. On the EPCS,
these compounds produce a decrease in the peak amplitude witboat altering the time
constant of decay. Prototypes of this group, called "'dsesitizing agesats. are
meproadifen"l and HTX as well as its perhydro derivative.ý" When the desensitizing

* agent also inhibits ChE, r, is initially increased, follovied by a concentration-dc-
*pendent decrease as the receptor blockade overrides the effx of agonist rebinding.

However, r,, is not reduced beyond initial control valises. Among ChE inhibitors
PYR" showed this type of blockade (Fto. 11). Under rotile espenrisental condi-
tions-i.e., with the membrane held at the desired potential fo a period of 3 sec at
the end of which thc EPCs are evoked-these drugs dep1~ the peak amplitude
with a clear curvature in the third quadrant, whereas a neawly linear plot is observed
under control conditions. This voltage-dependent depressiom is eliminated if the EPCs

are triggered in a cell held at - 50 mV and conditioning pulse duration is shortened

the blockade, while depolarization reduces it. This phenaomew has been described
in detail for HTX and H,, HTX." EPCs elicited before or isioediately after (but not
durinj) a hyperpolarizing conditioning step (30-seec duatal) decreased the peak
amplitude, whereas a depolarizing step increased it. T'hus, dot*iug theyperpolauizing
step, these agents shifted the equilibrium between the resting and desensitized states

of the AChR towards the latter. Moreover, this means that lITX action resulted from
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an interaction with a site available before activation of the receptors by ACh, therefore
ruling out an open channel-blocking mechanism. Desensitization was also dependent
on frequency of stimulation. The blockade of EPCs was intensified with increasing
frequency of stimulation. With PYR, this effect wcs noticeable at concentrations > 100
uM and at stimulus frequencies > I Hz. Although open channel blockade could
account for this "rundown," this explanation is unlikely. since among other factors
r•, was not affected in a way predicted by the open chanmd blocking mechanism
described earlier. The effects of PYR on the onset of and recovery from desensitization
were also determined by measuring the potentials elicited by microiontophoretic ap-
plication of ACh to the junctional region (Ftc. 12). Double-barreled microiontopho.
resis was performed according to the technique described priously!' Both barrels

A

I

-ISO -100 -60 - .1 L ILLs,

+-to
S000

900?!
t-ISO -140 -so a .50

- 1000

FIGURE 11. Elfecits of pyridostigmine on EPC peak amplitude (A) and decay time constant
(0). Symbols are control (0), PYR 10,uM (A). 100 jIM (0). sad I mM (A) and after 60-
min wash (0). (From Pascuzzo tt aL " Reproduced by permissijon fivs Molecular Pharme-

were filled with 2 M ACh. While one barrel was used for microiontophoresis of a
long (30 sec) conditioning charge to release ACh, the other barrel was used to deliver
"repetitive brief (50- 100 jisec) charges at I Hz. The position of the double-barreled
pipette was adjusted so that a response ot < 1-msec rise time would be measured by
a single intracellular microelectrode. The results are expressed as ACh-induced de-
polarization (mV) per charge (nC) delivered to the microiontcphoretic pipette. The
decrement of ACh potential amplitudes elicited at I Htz during a 30-sec steady pulse

' is taken as a measure of desensitization. During the long-lastiig pulse. PYR (I mm)
* decreased the amplitude of ACh transients to 12%. while under conttA conditions

the reduction was only to 57% (Fin. 1213). Upon cessation o the stest'y ACh pulse.
a partial recovery of ACh sensitivity was achieved. In agreement wit. these results.
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binding studies have disclosed multiple interactions of PYR with the T1orpede AChR.
PYR interacted with the agonist recognition site, inhibi:izng the binding of [rHIACh
and [(... ]la-BGT. Also. PYR stimulated the binding of ton channel probes smuch as
['H]PCP anJ ['H]H,,HTX."-" These findings suggest an enhaacernen of receptir
desensitiiation and an agonist action.

Moir: iirc~t evidence for desensitization as well as rwt an agonmst proVnary is
provided by recordings of single channel currents. PYR (200 phi-I mM) induced
an initial phase characterized by irregular waves of multilile sioultaneotts channel
activations followed by a significant reduction in the opening frtzaerscy (FIG. 13).
Channel openings appeared with increased noise. but the darauion of the open stateý
was not significantly changed. At later stages of the recordings mostly low-conduct-
ance events (.10 pS) were observed. These small events rei *sko recorded in the

2%w
FIGURE 13. Effect of pyridostigmine en the ACh-activated channel ewerenti. TMe recrdings
were obtained from myoballs cultured from neonatal rat muscles asda inside-oat condfitions.
Gigs-ohm seal was achieved using a patch pipette filled with ACh (3V PM). and PYR (200

ýL)was applied to i 'e bathing meditim. The upper four iereri rerreftot tihecmuinsaoureeordint
between 10 and I I min after the applicationi of PYR. The lo~wr toms upee obtained after 15-
min superfusion. Temperature: IOC (From Akaike ez al." Reproduce by pertmassot (ion
molecular Pharmacology).

presence of PYR (> 50 MAM) alone, denotir~g its weaik agaonul property. The effiects
of PYR on the ACh-activated channels seemed not to restult fro, the open channel
blockade. Such an action of I'YR should yield channel io'vewp in bursts similar
either to those induced by QX222." NEO, and EDP (Ftcs. 2 and 3) or (-) PIIY
(FIG. 7), with a diefiiur decrease in th~e channel open times. Also. the action of PYR
did not fit !o the description of desensitization induced by high concentrations of
agoni$ts. For example, in the continuous presence of a higit cowentration of ACh
(6.4 4M). an initial, brief phase of simultaneous activation of three or four channels
was followed by a progressive decrease in the frequency of openimp. After this initial
desensitization. bursts of single channel currents were recordedl at irregular intemvls
(Ftc. 14). The intermittent bursts reflect slow transitions a( the nicotinic AChR
between a state characterized by repetitive opening and closing events and a desert-
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sitized 'tale. SI ingle channei conductance and the duration of the open events within
a burst were simnilar to those obtained with a low concentration of ACh. Moreover,
the absence of simultaneous openings during the bursts indicated that the rapid current
fluctuations are likely to result from transitions of a single channel betweers the open
and closed states. On the other hand, with agents that Are powerful desersitizers;
(meproadifen and HTX) via allosteric interactions with the nicotinic AChR, this
pattern usually is iot seen, nor are the properties of the ionic channels (i.e.. chainel
open times and conductance) changed. Only a marked and rapid reduction in the
frequency of channel openings is observed.'"' Mosý likely, these noncormpetitive
blockers would allostenically stabilize a conformation of the recptor (different from
the resting state) where the ion channel is shut.'"'

Is Phosphorylaion an Autoregularory Cell Procss Involved in ACAR Desensi~fiation?

Evidence has been accumulating for a possible ,nvolvemnent of the cyclic AMP
system in autoregulation of the nicotinic AChR activation. Recently, the results from
electrophysiological studies using forskolin, an activator of hormor-r -ensiti- - aden.
Y~ate cyclase. have strengthened this hypothesis."' The effecs of forskolin were tested
on potentials generated by microiontophoretic ap~plication of AC1 at jiinctional and
extrajunctional regions of rat soleus muscles. Fo.-skolin. which increases the level of
intracellular cAMP through activation of adeny.ate cyclase, was used at eonc..ntrations
up to 5 4M. FIGURE 15 illustrates the coi.centration-dependent depression of Arh
potentials generated at the extrajunctional region of the chrontic'tfy denervated soleus
muscles. The depression was often cFb-racterized by a fast phase followed by a slow
steady decay, such that by the end of 100 potentia!s elicited at & Itz, in the presence
of I ;AM forskolin, the amplitude was, decreased by as mu;_.- as 60% of the initial
value. These findings suggested a possible involvement of phosphorylation of the AChR
in the desensitization process. To furthe.r investigate this possibiiy, closely related

li~ogs of forsk in were studied: 14.15-D~ihydroforskolin-apprr'insmatcly 20% as
active as forskolin in activating adenylate cyclase-and 1,9-dideosytorskolin -devoid
of any activity in increasing cyclic AMP level-produced less ani no edlect on the
AChR desens::izat, respectively. Additionally, preliminary sutudy disclosed that a
phorho etter, an icavator of protein kinase C, appears to enihznce desensitization.
These results raised questions as to wltether other compounds masy modify the acti-
vation of the nicotinic AChR. via phosphorylation.'"" Good candidates would he the
OP compounds, which coueld produce alterations in the AChR itsieffering with One
or many steps in the pho-phorylation cascade. Results of esperiomens (preliminary
observations) in the denervated soleus muscles of rats have shown that the deseni~s-

* tizatinn induced by ['YR (10-40 jAM) is significantly enhanced in the preseice of
forskolin (I MuM). With PYR alone, m"'ly a slow phase of desensitization was
discernible. Trhus, in a train or 100 ACht potentials elicited at I Hz the mean amplitude

* of the last responses was depressed by 30-40% with 40 MiM PYR alone, whereas in
combination -Aith I MLM forikolin the same coticentration of PYR reduced the l'm.
plitude of these potentials by 801% of thet initial values, In additiovi. particularly at
lower concentrations of PYR (20 AM) and forskolin ( I ItM). two distinct phases of
desensitization could be observed: the initial fast phase -ý;hvwzd 1,59o reduction in
amplitude by the first 2 seconds; and the depression slowly progressed to 50% by the
end of 12.5 seconds.
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Stereaspecificily of ChE and the Nicotinic AChR

It has been reported that the agonist recognition site at the nicotinic AChR has
strong stereospecificity, as revealed by the optical isomers of certain semi-rigid ago-
nists." A detailed study of the molecular mechanisms of action of the optical isomers
of anatoxin-a showed 150-fold greater potency of the (+) isomer, which was about
8-fold more potent than ACh." The ion channel sites, on the other hand, seemed not
to be stereospecific. as revealed by the similar qualitative and quantitative actions ofthe enantiomers of H,,HTX at the nicotinic AChR." Thus, it was of great interest

to study the actions of (+) PHY, since its natural isomer had shown blocking as

-

120-
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•) :'Time (sac)

FIGURE 15. Elrect of f.orskolin on the extrajunctional ACh sensitivity of" the chronically de-
nervated rat solens muscles, Potentials (1030) were evoked by microimwtphoretic application of
ACh (at 9 Hz) under control conditions (0). 40.60 rain after perfution of 0.1 (O), 0.5 (1),

S" ' I (f[j). or 5 (A) ýLM forskolin and 45-60 rmin after wash (A). Each point represents the mean
t- SEM of values from at least 4- 5 11ihers in 3 museles expressed as percent of the first potential
in a train. Inset. Chemical structure of forskolin.

: ~well as agonist properties at the neuromuscular AaA-.. An interesting finding was
Sthe observation that (+) PHY has negligible Ch inhibitory activity. Indeed, as
S• •determined by their IC,. values, (-) PHY was 90 and 220 times more potent than

. (+)PHY in inhibiting ChE activity in rat soleus muscle and brain, respectively."
Consonant with these results and in contrast to the natural PHY, no sign of ChE

• : ' inhibition was detected in EPCs generated in frog muscles (Fio. 16). At coucentrations
varying from 0.2-2 uM, ( +) PHY did not produce any change in either EPC peak
amplitude or decay. However, at high concentrations (> 20 pLM) ( +) PHY produced
blocking effects similar to those observed with (-- PHY.

: ~Patch-clamp recordings showed that (+) PHY (5-100 uM) activated channels
.• . with conductance similar to that of channels induced by ACh (Fio. 17). Compared
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FIGURE 16. Effect of ()physostigmine on the peak amplitude seld decay time constant of

the EPCs. ( 0) Control. (*) 0.2, (A) 2. ([3) 20 and (A) 60 yM ( +) PHY.

to (-) PHY, the (+) enantiomer generated a pulse with a cleaner square-wave shape
and with fewer gaps during the open state, similar to ACh-activated channel currents.
However, compared to AChi, the mean lifetime Of chAnnels activated by (+) PHY
was much shorter, with a mean of 3 msec instead of 10 msec, at - 120 mV holding
potential. When applied through a patch micropipette together with ACh (0.4 fkM),
a clear competitive antagonism was observed such that +)PHY at concentrations
higher than 20 gM produced a significant decrease in the frequency of currents
activated by ACh.

These results raised important questions as to whether mechanisms other than
those involving ChE would play a definite role in the morphological and functional
alterations induced by reversible as welt as irreversible anti-C4tE agents at the neu-
romuscular junction as well as other synapses. In the studies using various carbamates,

()PHY produced fewer morphological alterations of the motor endplate than did
PYR or NEO, most likely due to the former agent's powerful interactions with the
ACIIR molecule.""12 Preliminary results from morphological studies using (+) PHY
showed much less damage, particularly at the postsynaptie memubrane of the motor
endplate region, than that produced by the (-) isamer." Weaker ChtE inhibitory
activity combined with strong postsynaptic effects cmuld contribute to less extensive
myopathic alterations.

In protection studies conducted in rats.,- PRY was found most effective as a
pretreatment drug against multiple lethal doses a( sarinI^ It seems that direct
interactions of the carbamates with the postsynaptic nicotinic AcliR may account for
their beneficial effects in the observed protection. T'he elrectivenems of these carbamates

the former to decrease the hyperactivation caused by accumoulation of the neurotrans-

mitter, In this sense, anmog the carbamnates. PHY would be explected to be most
effective because of its agonist and desensitizing pmoperties on the cholinergic AChR
at the peripheral, as well as in the central, nervous system. Thsis hypothesis was further
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tested using mecamylamine. which has no anti-ChE activity. Coadministration of
mecamylamine, a competitive antagonist at the ganglionic AChR and a powerful open
channel blocker at the neuromuscular AChIR,"' significantly enhanced the protection
provided by (-) PHY."

In addition, the evidence acquired from these studies is of fundamental importance
in the assessment of new drugs in the treatment of some cholinergic disorders, including
myasthenia gravis. The beneficial results are more likely to be achieved with cholinergic

* agonists resistant to ChE inhibition and with those drugs capable of crossing the
blood-brain barrier. The secondary amine (+) anatoxin-a, and among CtE inhibitors,

* the tertiary amines (-) and particularly (+) PHY-duc to its negligible anti-ChE
* activity-would be promising alternatives in the treatment of these cholinergic defi-

ciency diseases. The characterization of their molecular interactions with peripheral
as well as central nicotinic synapses would not only give insights into the nature of
such disorders, but also contribute to the development of a drug with maximal effec-
tiveness and ideally devoid of side effects.

'. I ChL- Inhibitors oa Glatomateric Synapsa.

The carbamates as well as the OP compounc" produce hyperactivation of neu-

romuscular transmission via presynapac mechanisms. This is particularly striking at
* the locust neuromuscular synapses mediated by glutamate." In these studies, the

flexor tibialis muscle preparation with the crural nerve cut distally to the metathoracic
ganglion was used. Both the carbamate and the OP agents produced a marked increase
in neurotransmitter release, generating spontaneous (i.e., without nerve stimulation)
excitatory postsynaptic potentials (EPSPs) that were large enough to trigger action
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potentials. FIGURE 18 illustrateS the Cfr0ctS Of(- PRY. This phenOMenon WAS TTX-
sensitive and dependent upon external Ca'~ concentration. A reduction of the con-
centration of the external Ca"~ from 2 mM to 0.8 mM blocked the action potentials.
Further reduction to 0.2 mM also blocked the EPSfS. TTX (0.3 ;LM) produced a
reversible blockade of the spontaneous activity. This, th primary target for(-
PHY and other (ThE inhibitors seemed to be Na" dowels at the nerve terminal.

* mV

125 (A4.8) 20 (C)

FIGURE 18. ?reaynaptic effect of (-physoatigmine on the Swea nearowmnsiar synapse.
Physostigmine (20 AM) induced spontaneous EPSPs (A) mi a copmbinatNo. of EPSPs and
muscle action potentials (B). In C. muscle action potentials m 4iplayed on ans enlarged time
scale. The records were obtained at -50 mV membrane~ 1pgem from ficior tibialis muscles
after IS-min treatment with Pity.

Neitlier muscarinic nor nicotinic receptors-whose exioc at the presynatic ter-
minl hs benreported-seemed to be involved in thig pbenomenon,' In &"dlion,

with the exception of tabun. all the anti-CuE agents temo blocked the ion channels
associated with the postsynaptic glutsmatergic receptor. Ili= fldi"p suggest certain
similarities between the subunits comprising the ion doels of the nicotinic and
glutamatergic receptors Indeed, recent studies" have do that certain nit"com-
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petitive antagonists of the nicotinic AChR, such as phencyclidine and atropine. also
interact with the glutamatergic receptor on the locust neuromuscular synapse as open
channel blockers. Thus, the overall toxicity of the organophosphate compounds may
involve a multiplicity of sites at various peripheral and centvid synapses.

CONCLUSION

*Sufficient evidence has been accumulated to put forth the suggestion that the

pharmacology of the anti-ChE agents, including those used for treatment of myasthenia
gravis, is far from being known. Understanding the interactions of the ChE inhibitors
with the macromolecular entity comprising the nicotinic receptor and its ion channel
is of fundamental importance for the proper therapeutic approach to this disease. Both
reversible and irreversible agents, in addition to having ChE-inhibitory properties,
directly affect the nicotinic AChR, acting as agonists anad/or blocking the ion channel

* in its open conformation and enhancing receptor desensitization via noncompetitive
mechanisms. The protection against OP poisoning provided by certain carba-
mates-especially PHY-may rely not exclusively on the enzyme carbamylation-
phosphorylation competidon, but also on the interactions of these reversible ChE
inhibitors with the transmitter receptor as agonists and as blocking agents. Significant
protection offered by (+) PHY has strengthened this hypothesis. Furthermore, dif-
ficulties in counteracting some of the toxic effects of OP compounds may be attributed
to direct actions of irreversible anti-ChE agents on both pre- and post-synaptic mem-
branes of peripheral as well as central cholinergic and other synapses. Ion channel
blockade produced by nicotinic noncompetitive antagonists on the locust glutamatergic
synapse raises the question of certain similarities between ion channels associated with
ACh and glutamate receptors. Finally, studies with forskolin and its analogs have
disclosed a possible involvement of phosphorylation in the regulation of nicotinic "
AChR activation. Certainly it is of great interest to investigate the involvement of

* phosphorylation in desensitization of the nicotinic receptor of myasthenic muscles
during various stages of the disease as well as in the actions of drugs used in its
treatment. Indeed, preliminary results disclosing a synergism between forskolin and
(ChE inhibitors in the AChE desensitization add further complexity to the pharma-
cology of these agents.

ACKNOWLEDGMENTS

We are most grateful to Dr. Wagner M. Cintra for providing some of the data
on ()physostinine and to M. M" A. Zelle for her computer assistan

; ~REAIFENCES

1. Lm. C. Y. 1972. Chemistry and phanmacology of polypeptide toxins in snake venefmf.
Ann. Rev. PhagmacoL. I& 265-2K

0

*



2S2 ANNALS NEW YOU ACADEMY OF SCMNCES

2. H{EIDMANN, T. & L.-P. CHANGEUX. 1978. Structural sawl functional properties of the
acetylcholine receptor protein in its purified and ielaoe bound states. Ann. Rev.
Diochem. 47: 317- 357.

3. KARLIN. A. 1980. Molecular properties of nicotinic acetylchsoline receptors In The Cell
Surface and Neuronal Function. C. W. Cotnman 0. Poste & G. L Nicolson, Eds.:
191-260. Elsevier/North Holland Biomedical Press. Amsterdam.

4. NODA, M., Y. FuRUTANI, H. TAKAHIASHI. M. Toyos~iu T. TAmAmE S. Su1141zu, S.
KIKYOTANi. T. KAYANO, T. HiRose, S. INAYAMAt T. MjVATA & .Nu&A. 1983.
Cloning and sequence analysis of calf oDNA and hums genomnic DNA encoding a-
subunit precursor of muscle acetylcholine receptor- Nature (London) 30S- 818-823.

S. SAKMANN. B.. C. METI-ESSEL, M. MISH INA, T. TAKUAmsmS, T. TAKAI. M. KuRAsAxt,
K. FujUDA & S. NumA. 1985. Role of Acetylcholine recepto subunits in gating of the
channel. 1. Physiol. (London) 318: 538-543.

6. DALY, 3. W.. 1. KARLE, C. W. MYERS, T. Toxuvi~uA.!L A. WATeRs & B. WrrKor.
1971. Ilistrionicotoxins: Roentgen-ray analysis of the novel atkeme and aceylenic spi-
roalkaloida isolated from a Colombian frog Dendpobate csthrinoucams Proc. NatI. Acad.
Sci. USA 68: 1870-1875.

7. ALOUQUERQUE, E. X., J. W. DALY & 3. E. WARNIMK 1957. MaCromo~eCeular Sites for
specific neurotoxins and drugs on cheniosensitive synapses mad electrical excitation in
biological membranes. In !on Channels. Vol. 1. T. MarshasKu Ed. Plcntsm Press, New
York. N.Y. In press.

8. SCII0FiELD, 0. G.. DI. Wrrropr, 3. E. WARNICK & F. X. Ai.3uQuzRQuE. 1981. Diller-
entiation of the open And closed states of the ionic thmoasela of nicotinic acetylcholine
receptors by tricyclic Antidepressants. Proc. NAIL. Acad. Sci. USA 7& 5240-5244.

9. CARP, J. S.. R. S. ARONSTAM. B. Wrirxor & E. X. ALatWqEatQut 1983. Electrophys.
iological and biochemical studies on enhancement of drsenisititsauioss by phenothiazine
neuroleptics. Proc. NatI. Acad. Sci. USA SO-~ 310-314.

10. AL8UQUERtQuE. F. X.. N.-C. TSAI, R. S. AnoNsTrqsk 3. Wrrxopý A. ~T. ELons'RAWI &
M. F_ ELOEFRAWI. 1980. Sites of action of phencyclidine. It. Intircnction with the ionic
ch.Lanel of the nicotinic receptor. Mol. PharmacoL. Wk 167-178.

11. NPrit, F. & J. H. STuuIwNACIt 1978. Local anaesthetics; trasiently block currents through
single acetylcholine receptor channels. 3. Physiol. (Liondis) 277: 153-176.

12. APIACAVA. Y., S. R. IKEDA, J. W. DALY. N. Baoosiz & E X. ALBUQUERQUJE. 1984.
* ~Interactions of bupivacaine with ionic charnnel of tthe nicotinic receptor. Analysis of
* single channel currents. Mol. Pharmscol. 26: 304-313.

13. IKEDA. S. R.. Rt. S. ARONKI-AM. I. W. DALY, Y. ARAcAvjLA _ ax. AL3VQUEUOUE. 1984.
Interactions of bupivacaine with ionic channels of the nicotinic receptor. Electrophys-
iotogical and biochemical studies. Mol. Pharmacol. 26: 291-303.

14, ADLER. M., a- x. ALBUQUERQUE & F. 1.I.ELcnao. 19M. Kinetic analysis of endplaie
currents altered by atropine and scopolamine. Mlv.o frmacoL. 14: 514-S29.

13. PASCUzzo. G. I., A. AKAIKE. M. A. MALEQUE. K-10. SHAw. ItL S. AR~MSTAM. D. L
RICKEi-r & B. X. ALBUQUERQUE. 1984. The natfiweoftheirsermeionsof pyridostigmine

* with the nicotinic acetylcholine receptor-ionic channel conmplex. Md. Pharmacol. 25-
92-101.

* 2~6. AKAiKi4, A.. S. Rt. IKRDA. N. JlaooiI1s. 0. J. PASCssZM D. 1- ItPexrr & I. X.
ALBUQUERQUE. 1984. The nature of the interactiaino~pyindostignusie with the nicotinic
Acetylcholine receptor-ionic channel complex. It. Patch-damp studies. Mal. lharmacol.
IS: 102-112.

17. SHAW, K.-P., Y. ARACAVA, A. AcAtIce. 1. W. DALY. D. L RICKETY & IL X. ALBU-
QuEROus. 1985. The reversible cholinestrase inhibitowr pysostigmine has channel-block-
ing and agosist effects on the acetylcholine vtempter-ion channel complex. Mol.
Pharnmaool. 28: 527-538.

II. SPIVAK. C. F. & IL X. ALBUQUPROUN. 1982. Dynamic I ssi as' the niecainiec edyl-
choline receptor ionic channel complex: activationtm blakade. In Progries in Ciolin-
ergic Biology: Model Cholinergie Synapses. 1. Ilmasi & A. NC Goldberg. Eds.: 323-357.
Raven Press. New York. NY.



ARACAVA ci ai.: MOLECULAR BASIS OF ANT1n-CE ACTIONS 253

19. HAM-Mi., 0. P., A. MATY, E. NaEst. IL SA•MANK & F. 3. S1UWOATH. 1951. Improved
patch-clamp techuiques for high-resolution current recording from cells and ccl.-free
membrane patches. Pfliigers Arch. 391: 85-100.

20. COLQUuOUN, D. & B. SAKMANN. 1981. Fluctuations in the microecond time range of
the current through single acetylcholine receptor ion channels. Nature (London) 294:
464-466.

21. COLQuHOUN, D. & B. SAKMANN. 1985. Fast events in single-channel currents activated
by acetylcholine and its analogues at the frog muscle end-plate. J. PhysioL (London)
369: 501-557.

* 22. CHANGEUX, J.-P., A. DEVILLEy.S-THmiY & P. CHEUE•OUILu. 1984. Acetylcholine receptor:
* an allosteric protein. Science 225: 1335-1345.

23. ALBUQUERQUE, E. X., S. S. DErSISANE• . M. KAWADUCUI, Y. ARACAVA, M. IDRmSs D.
L. RicKETT & A. F. BoYNE. 1905. Multiple actions of rntichofinesterase agents on
chemosensitive synapses: Molecular basis for prophylaxis and treatment of organophos-
phate poisoning. Fundam. AppL Toxicol. 5: S1I2-S203.

24. FIExEi.s, J. F. 1985. Concentration-dependent effects of neostigmine on the endplate sce-
tylcholine receptor channel complex. J. NeuroscL 5: 502-514.

25. ALBUQUERQUE, E. X, Y. AxACAVA, M. IUSS, B. Scn6NaNBERGEi, A. Buossi & S. S.
DESiHANDE. 1956. Activation and blockade of the nicotinic and glutamatergic synapses
by reversible and irreversible cholinesterase inhibitors. In Neurobiology of Acetylcholine.
N. J. Dun & R. L Perlman. Eds. Plenum Press. New York, NY. In press.

4 •26. MESHUL, C K.. A. F. BoYNe. S. S. DESHtiANDB & E. X, ALBUQUERQUE. 1985. Com.
parison of the ultrastructural myopathy induced Ly anticholinesterase agents at the end
plates of rat soleus and extensor muscles. Exp. Neurol. W.96-114.

27. DESHPANDE. S. S., 0. B. VIANA, F. C. KAUFFMAN, D. L RcxEM & & X. ALIBUQUEAtQU.
1986. Effectiveness of physostigmine as a pre-treatment drug for protection of rats fromn

*: ;organophosphate poisoning. Fundam. AppI. Toxicol. 6: 566-577.
25. ALBUQUERQUE. B. X., S. S. DF OPANDE, Y. ARACAVA. M. ALKONDON & J. W. DALY.

1986. A possible involvement of cyclic AMP in the expression of desensitization of the
nicotinic acetylcholine receptor. A study with forskolin and its analogs. FEBS Lett. 199.
113-120.

29. TA~zucw., A. & N. TAzucnuau 1959. Active phase of frog's endplate potential. J. Neu-
rophysiol. 22: 395-411.

30. KUBA, K.. E. X. ALBUQUEMQUE, J. DALY & &. A. BARNARD. 1974. A study of the
* irreversible cholinesterase inhibitor, diisopropyl,.ýarophosphzte, on time course of end-

plate currents in frog sartorius muscle. J. Pharruscol. Exp. Ther. 159 49"512.
* 31. ALBUQUERQUIE F. X. & R. 1. MCISAAC. 1970. F-%t and slow mammalian muscles after

denerva.ion. Exp. NeuroL 26: 183-202.
32. MCARDLE, J. J. & E. X. ALBUQUERQUF. 1973. A iLudy of reinnervation of fast and slow

mammalian muscles. J. Gen. PhysioL 61: 1-23.
33. ALBUQUERQUE, E. X., E. A. BA.NARD, C W. PORTER A 1. E- WARNICK. 1974. The

density of acetylcholine receptors and their sensitivity in the postsynsatic membrane of
* muscle endplata. Proc. NatI. Acad. Sci. USA 71: 2818-2822.

34. ALLEN, C. N., A. AKAIKE & E. X. ALBUQUE.RQU. 1994. The frog interosseal muscle
fiber as a new model for patch clamp studies of chemosensitive and voltage-sensitive ion
channels. Actions of acetylcholine ad battachotoxin. J. Physiol. (Paris) 79: 338-343.

35. Rupp. R. L 1977. A qusntitative analysis of local anaesthetic alteration of miniature end.
plate current fluctuations. 1. Physiol. (London) 264: 59-124.

36. StEalY, S. M., A. T. EwcL•uws, t. X. ALsUQUEtQUz A M. E. E•LnRAWi. 1985.
Comparison of the actions of carbamate anticholinesterase on the nicotinic acetylcholine
receptor. Mol. Pharntmol. 27: 343-348.

37. MAGLESY, K. L.. & C F. STEVENS. 1972. A quantitative description of end-plate currents.
J. Physiol. (London) 233: 173-197.

3X ANoeRsON. C R. A C. F. STvems. 1973. Voltage clamp analysis ofacetykcholine produced
end-plate current Fuctuation at frog neuromuscular junction. J. Physiol. (London) 235:
655-691.



254 ANNALS NEW YORK ACADEMY OF SCIENCES

39. MAGLERY. K. L. &D. A. TERRAR. 1975. Factors affiecting the time course of decay of
endplate currents: A possible cooperative action of acetylcholine on receptors at the frog
neuromuscular junction. 1. Physiol. (L~ondon) 244: 467-495.

40. SPIVAK. C. I- & - X. ALBUQUERQUE. 1985. Trhphenylinethylphosphonium blocks the
nicotinic acetylcholine receptor noncompetitively. NMal. Pharmacol. 27. 246-255.

41. WOODHULL, A. M. 1973. Ionic blockage of sodium channels in narve. J. Gen. Physiol. 61t
687- 708.

42. SINE, S. M. & 1. It. STEINBACH4. 1984. Agonists block currents through acetylcholine
receptor channel. Biophys. 1. 46: 277- 283.

43. VARANDA, W. A., Y. ARACAVA, S. M. SHIEERY, W. G. VAN METER, M. I-. ELDEERAWI
& E. X. ALBUQUERQUE. 1985. The acetylcholine receptor ofthe neuromuscular junction
recognizes mecamylamine as a noncompetitive antagonist Mol. Pharmacol.. 28: 128-137.

44 Lo, K. S., Y. ARACAVA, D. L. RICKETrA a -x. ALBUQUERQUE. 1987. Noncompetitive
blockade of the nicohinic acetylcholine receptor ion channel complex by an irreversible
cholinesterase inhibitor. I. Pharinacol. Exp. Ther. 240: 337-344.

4S. ALBUQUERQUE. E. X., A. AKAIICE, K.-P. SHAW & D. L Riccr..rT. 1994. The interaction
of anticbolinesterase agents with the acetylcholine recepior-ioenic channel complex. Fun-
dam. AppI. Toxicol. 4: S27-S33.

46. SPIVAK, .r_ . I_. WATrM.S B. WITrtoP & E. X. ALD~uUEnomJ. 1933. Potencies and
channel properties induced by semirigid agonists at frog nicotinic acetylcholine receptors.
111' Pharmacol. 2.3: 337-343.

41. MIAL. iF, M. A., C. SOUCCAR. J. 1B. Corn'tt & FE.).. AL2UWQU-vtQUE. 1982. Meproadifeni
reacrs ri with the ionic channel of the szetyclichline receptor. potentiation of agonist-
inducc(! '1csensitization at the frog neuromuscular Junction. Mol. Pharniacol. 22: 636-647.

43. ARACAVA V'. & I. X. ALBUQUERQUE. 1984. Mcproadifen enhances activation and de-
sensitizat i in of the acetylcholine receptor-ion channe! com'plex (AChR): Single 'Aliannel
studies. FEBlS Lett. 174: 267-274.

49. ALBUQUEP.QUI?, E. X., K. KURA & J. DALY. 1974. Effect of histrionicotoxin on the ionic
conductance modulator or the cholinergic receptor. A quantitative analysis of the endplate
current. J. Pharroacol. Exp. Ther. 189: 513-524.

50. MASUKAWA. L. M. & E. X. Ai.0UQUERQUE. 1973. Voltage- and time-ependent action
of histnionicotoxin on the endplate current of the frog muscle. 1. Gen. Physiol. 72:
351- 367.

51. SPIVAK, C. H.. M. A. MALrQUR, A. C. OLIvpt*A. L ME. MASUKAWA, T. TOKUYAMA,
J. W. DALY & iý. X. ALt.UQUEiQU~t. NV82. Actions of hiatrionicotaxins at the ionic
channel of the r~cotinic acetylcholine receptor and at the voltage-sensitive ion channels
of the muscle m.ý-nbranes. Mol. Pliarmacol. 21: 351-361.

52. ARACAVA, Y. & E. X. At.nuQlueitQuF.. 1995. Perhydrohistnionicotoxist (11UHTX) en-
hances receptor desensitization while the analogs depentyI-I ZIITX and benzylazaspiro-
IITX interact with the acetylcholine receptor-ion channel (AChR) complex primarily
as open channel blockers. Biophys. 1. 47: 259a.

53. SAICUANN. B.. J. PATLAIC & I- Neimne. 1900. Single aeycli-atvedchannels show
burst-kinetics in presence of desensitizing concentratbons of agonist. Nature (London)

* 286: 71-73.
54. OSWAL.D. R. I- A 1.-P. CItANGEtUX. 11111. Selective labeliing or the & subunit of the

acetylcholine receptor by a covalent local anesthetic. lliochemiistry 20. 7166-7174.
*55. TetCHInnaO, V. I., A. SOB EL & J.-P. CIIANGFUX. 1977. In Wire phosphorylation of the

a cetylcholine receptor. Nature (London) 261: 540-542.
56. HUGANIR. R. L & P. GRE.ENGARD. 1983. cAMP-dependent protein kinase phosphosylates

the nicotinic acetylcholine receptor. Proc. Natt. Acad. Sri. UiSA S&: 1130-1134.
57. LatviTAN, 1. B. 19)8S. Phosphorylation of ion channels. J. NMernbr. Ilial. 87: 177-190.
58. SWANSON, K. L. C. N. ALL.EN, Rt. S. ARomsTAm. H. R.Arocoe & 12. X. ALBU91UERQUI.

* 1986. Molecular mechanisms of the potent and stereaspecille nicotinic receptor agonist
(+ )-Anatoxin-a. Mot. Pharmacol. 29: 250-257.

59. SPIVAK. C. IL. NE. A. MALEQUE, K. TAKrAHAWOI. A. Rmoass A E. X. ALmMQURQIJe.
1983. The ionic channel of the nicotinic acetylcholine rempto is unable to dillerentiats
between the optical antipodes of perlsydrohistrionitwesaui. FEBS Leu.t 163- 199-193.



ARACAVA et aL: MOLECULAR BASIS OF ANTh-ChE AC"IONS 55.

60. CiNTRA, W. M., M. KAWADucNi, A. F. BoRNE, S. S. DnsHwt•rO& E. X. ALDuQuERQutJ
1986. Protection by (+) physostigmine, the enautiomer of the natural physostigmine.
against lethality and myopathy induced by an irreversible organoph,.-pborus agent.

J Neurosci. Abstr. 12: 740.
61. IDjiss, M. K., L. G. AGUAYO, D. L RIcswErT & E. X ALBUQueRQUE. 1986. Organo-

phosphate and carbamate compounds have pre- and postjunctional effects at the insect
glutamatergic synapse. 1. PharmacoL Exp. Thcr. 239: 279-235.

62. IDRIsS, M. & E. X. ALoUQUt mQUe- 1985. Phencyclidine (PCP) blocks glutamate-activated
postsynaptic currents. FEDS Leat. 189:. 150-156.

0

0

0'

0

0

*i

*

/
/

*

0 I-i



Volume 222, number 1, 63-70 FEB 05120 September 1987

Nicotinic acetylcholine receptors in cultured neurons from
the hippocampus and brain stem of the rat characterized by

single channel recording
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Single channel recording techniques have been applied to neurons cultured from the hippocampus and the
respiratory area of the brain stem of fetal rats in order to search for nicotinic acetylcholine receptors
(nAChR) in the central nervous system. In addition to acetylcholine (ACh). the potent and specific agonist

* (+)-anatoxin-a was also used to characterize nicotinic channels. nAChRs were concentrated on the somal
surface near the base of the apical dendrite, and in some patches their density was sufficient to record 2
or more channel openings simultaneously. Although a multiplicity of conductance states was also evident,
the predominant population showed a single channel conductance of 20 pS at IOC. Thus, these neuronal
nAChRs resembled the embryonic or denervated-type nAChRs in muscle. However, channel opening and
closing kinetics were faster than reported for similar conductance channels in muscle. Therefore the nicotinie
channels described here arc similar but not identical to those of the wel-characterized muscle nAChR, in

agreement with biochemical, pharmacological, and molecular genctic studies on brain AChR.

Anatoxin; Acetylcholine; Patch clamp; Central nervous system; Nicotinic ak'ylcholine receptor; Ion channC; kinctics

1. INTRODUCTION macromolecules. They share similar binding
properties of their agonist recognition sites and

Nicotinic acetylcholine receptor (nAChR) ion other site(s) for noncompetitive ligands, The
channels are present in many species at various physiology and the pharmacology of these
levels of their nervous systems. While these recep- nAChRs have been greatly detailed in the past few

* tors respond to the neurotransinitter acetylcholine years by voltage clamp and single channel re-
(ACh), they are apparently hcterogc:eeous with cordings [1-4]. Although there are some
respect to their pharmacological characteristics, similarities between the nAChR located at the
The nAChRs found at the neuromuscuiar junction neuromuscular" junction and nAChRs found in
and in the electric organ of the Torpedo are autonomic ganglia, pharmacological differences
amongst the most well-characterized membrane led to the subelassification of these receptors [5].

* In the central nervous system (CNS) the disclosure

* Correspondence address: E.X. Albuquerque, Dept of of functional nAChRs has been a difficult
Pharmacology and Experimental rherapeutics. Univer- endeavour. While peripherally potent nAChR
sity of Maryland School of Medicine, Baltimore, MD ligands bind to brain tissues, it is controversial
21201, USA whether or not the CNS sites labelled by cr-
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bungarotoxin (er-BGT) have any functional our studies single channel currents were recorded
significance because, regardless of its binding, this from cells isolated from the hippocampus and
toxin has often failed to antagonize nicotinic from the medullary region of brain stem of rats.
responses (review [61). As a result the -,-BGT- ACh and (+)Antx were used as agonists. (+)Antx
binding site was at one time purported to be a non- has several important advantages over the putative
cholinergic receptor. A second population of nicotinic neurotransmitter ACh: (+)Antx is not
putative nAChR is labelled by (-)-[3H]nicotine inactivated by acetylcholinesterase or other
and [3HIACh [7-10]. esterases; the toxin is a semirigid molecule with

Furthermore, these two populations of binding high nicotinic agonist potency and selectivity,
sites are distributed differently in brain regions [61. which is nearly devoid of muscarinic activity; and
Whereas the o,-BGT binding site has not yet been (+)Antx also lacls the noncompetitive blocking
defined, a general consensus is that in the marn- effects of (-)-nicotine [22). Thus, (÷)Antx can
malian CNS, the agonist site labelled by [3HIACh most simply unveil the kinetics of the nAChR ac-
and (-)-[3 l]nicotine [8,11] is responsible for some tivation process. I lere we describe the abilities of
nicotinic cholinergic responses (see [9]). Recently, this powerful toxin and ACh to disclose the
the pcripherally. selective and stereospcc-Jic prescnce in brain neuron', of nAChR channels
nicotinic agonist (±)-anatoxin-a (Antx) [12,131 has which differ subtly from their counterparts at the
also been shown to be a stereospecific competitor neuromuscular junction.
of the high affinity (-)-nicotine binding site in
mammalian brain [10,14]. Additionally. recombi- 2. MATERIALS AND METHODS
nant DNA techniques have revealed that a separate
gene family codes for two or more nAChR-likc 2.1. Tissue cutdure
proteins in the CNS [151. The method of culturing hippocampal neurons

However, ligand binding and molecular biology and brain stein medullary neurons was similar to
studies do not slhed any light on the functional that described by lBanker and Cowan [23]. Briefly,
capabilities of these nAChR sites. Biochemical female Spraguc-Dawley rats (16-18 days gesta-
studies 3f the action of (-)-nicotine at nerve ter- tion) were sacrificed by CO 2 narcosis and cervical
minals provided evidence that nAChRs facilitate dislocation. Forebrains and brain stems from em-
the release of neurotransmitter (16]. The phar- bryos were removed and maintained in cold
macology of this mechanism corresponds to that physiological solution of the following composi-
of the (-)-(t HlInicotine binding site and is insen- tion (mM): 140 NaC1, 5.4 KCI, 0.32 NazHPO4 ,
sitive to cr-BGT. Furthermore, perhydrohis- 0.22 KH-lPO4 , 25 glucose and 20 Hepes. This solu-
trionicotoxin, a well described ion channel probe tion had a pH of 7.3 and its osmolarity was ad-
for the peripheral nAChRs [4,171 is able to block justed to 325 mosM with sucrose.
nicotine-induced transmitter release with a similar I lippocampi or portions of medulla lying rostral
Ki to that reported for Torpedo electric organ and to the obex were dissected free, minced with iridec-
frog skeletal muscles [181. This is evidence that the tomy scissors and incubated with trypsin (0.25%,
ion channel of the ne'ironal nAChR is related to Gibco) for 15 min at 35.5°C. The enzymatic activi.
that of the muscle nAChR. To probe this relation- ty was terminated by pipetting the tissue sections
ship further requires the application of into 6-7 ml of modified Eagle's meditum (MEM,
sophisticated electrophysiological techniques. Gibco) containing 1017 fetal calf serum and 10%lo

Thus, the purpose of this investigation was to horse serum (MEM 10/10). The neurons were
unveil the presence of functional central nAChRs dissociated by triltiration and suspended in MEM
using single channel recording techniques. The hip- I0/10 to yield about 700000 cells per 2 ml plating
pocampus [19] and the brain s!".m reticular forma- volume per culture dish. The dissociated cells were
lion [201 have been reported to carry nicotinic co-cultured with mouse astrccytes derived from
cholinergic pathways and the excitatory responses the cerebral hemispheres of DUB:(ICR) random-
to iontophoretically applied nicotine could be bred mice. The method of obtaining confluents of
blocked by dihydro-IJ-erythroidine. "This is, astrocytes was according to the procedure de-
however, a controversial point 1211. Therefore in scribed by Boolher and Sensentbrenner 1241 and
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modified by Brookes and Varowsky [25]. The hip- (maM): 116 NaCI, 5.4 KCI, 3.0 CaCIz, 1.3 MgCI2,
pocampal cell cultures were incubated for 3-4 h 26.0 NaHL-.., 1.0 Nall2PO4 , 11-0 dextrose at
and thie medium changed to growth Inediumn con- 315 inosM. Alter bubbling with a 95/5% OC-COz

* taining MEM plus 10% horse serum (MEM 10). mixture the pil was 7.4. Tetrodotoxin (0.1 1CM)
Tile cell cultures wcre incubated at 35.5-36.5 0 C in was included in the solution to prdvcnt spon-
an atmosphere of 10% COz/90% air and the tancous activity. The patch-clamp microclcctrodes
media were replaced with fresh MEM 10 every 3 were made from borosilicate capillary glass (A &
days. Five days after plating, the cuL!tures were cx- M Systems) and theitr i.esistdnces ranged between 3
posed to 5'-fluoro-2'-deoxyuridinc (53 /iNI final and 5 MN1 when filled with recording soluiion.

* concentration) for 3 days to reduce ;ic prolifcra- Single channel currents were recorded from cell-
lion of background cells, attached patches with micropipettes filled with the

Hippocanipal cultures contained mostly same solutio; and the desired concentrations of
pyramidal cells, because granule cells are not yet the agotist being tested. An LM-EPC-7 patch
present at tile pre-natal stage of these animals [231. clamp system (List Electronic, FRG) was used to
Cultures derived from the medulla rostral io the record single channel currents at various holding

* obex include neurons from the ventral and dorsal potentials.
respiratory groups. These include the nucleus am- The data were stored on FM magnetic tapes
biguus and the nucleus tractus solitarius. The (Racal 4DS) for later computer analysis. The data
neurons arc related to respiratory (inspiratory and were filtered at 3 kllz (-3 dB) with an 8-pole
expiratory phase) functioning 1261. In addition to Bessel filter, digitized at 12.5 kHz and analyzed us-
the above neuronal groups, neurons comprising ing IBM XT and AT microcomputers. Automated

* cranial motor nuclei (vagal, hypoglossal, facial programs (M. Sloderbcck and C.J. Lingle, Florida
and trigeminal), which arc rcsponsible for motor State University) were used for data acquisition,
innervation to accessory respiratory musculature, dctctioa ana analysis of t;inglc channel currents.
are also included in the region dissected [27]. In the The average amplitude of a single channel currenrt
rat, in particular, many neurons in the reticular was determined as the difference between the cur-
formation have also been shown to respond to the rent peak and the baseline peak in histograms

• iontophoretic application of ACh [201. it is likely generated from all digitized points. Open time was
that neurons from the lateral reticular nucleus were defined as the duration of anr open event that was
also included in the region of t(ie medulla selected terminated by a ciosing transition, recognized by a
for enzymatic dissociation and subsequent tissue decrease iii current to below 50% of the unitary
culture. The cells iv the brain stem culture were channel amplitude. A burst was the sum of open
either pyramidal, fusiform oi spherical, as de- and short closed events terminated by a closure

* scribed in a recent morphological and cdcc- lasting more than 1.6 Ins. For kinetic analyses,
trophysiological study of guinea pig brain stem histograms of event durations were fitted with
neurons [281. single exponcntiial decay functions to determinme thie

One to four-week-old hippocampal cultures and time constants, r.
brain stem cultures as young as 3-4 days were used
for single channel recordings. The membrane 3. RESULTS

* potentials of these neurons were between - 50 and
-65 mV. In the absence of tetrodotoxin, spon- 3.1. Identification of nAChR on central nervous
taneous synaptic potentials could be recorded froin System neurons
all the cells tested. Neurons cultuied from the hippocanmpus and

brain stem regions of fetal rats were used to study
2.2. Single channel recording techniques the agonist piopcrties of ACh and (+ )AntIx. In

SThe patch clamp technique [291 was used to contrast to gluaniatce (personal obs;erv:ttions) and
record single channel currents Irom the sominal sur- GAIBA activatcd-chamtlcs 1301 which s,:cmn to be
face membrane close to thie apical dendrite of homogeneously distributed in a rather high density
cultured neurons. For rccording, the neurons were in the soinal surface membrane, we found that
maintained in a physiological buffer conltainling nAChR activity was likcly to occur closze to tire
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Fig. 1. Single channels currents activated by (a) ACl iand (b,) (+ )Anlx (I /,M each) wvere located at the region of thle
apical dendrite of a braini stem mnedullary !neuron. Typical channel activit, is shown for each agonlist.

apical dendrite. Thus, most of our recordings were nAChiRs 1131 was used to induce openings of chan-
obtained from this region. In somec patches, the ncls in cultured neurons front both hippocampus
frequecncy of openings was high enoutgh (that cur- and brain stemi aics (fig. I). Tn some pitches, a
rents resulting from thle sitmulttincous opening.-, of "titlkiplicity or conductance states was evident,
twvo, or morc channels with similar or different con- whereas in tmost it single conductant-e state was
ductance states could be recorded (fig. I). observed. The predominant population showed a

single Channel conductance of about 20 pS at 1 00C
3.2. Conduictance statev of the central nAlClR as dletermlinled fronm the slope of the current-

A concentration of ( t)Antx 10-fold higher voltage relationship (fig.2). At room temperature
(0.2-I 1 /M) than that necessary to activate mutscle (20-22*C), the current amplitude was increased by
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"-3.0 Fig.4. "ie disribution of durations of open cvcntjs. All
open events, whether occurring singly or in bursts wereFig.2. Slope conductance was determined as thc slope of grouped to determninc the mean open time. The open

the current-voltage relationship for single channels. times were Jistrihutcd acccrding to a single exponential

too- with a r of 1.7 Ins.

,,10010 -

, 60 -80-

0
C

r= 4 LU

.00
20- E: 40
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Fig.]. Stochastic analysis of single channel currcn, open 0 000
arnd closed durations was performed to determine the

kinetic properties of tte prcdominant 20 pS channel 0 0 40 60 80 100
observed on the central neurons. rhc examples of the Channel Burst Times (isect

analysis of 1.6 pA channels, recorded at 10'C. arc
shown here and in figs 4 and 5. The histogram of Fig.S. The distribution of durations of burst events. The
durations of closed events was clearly distributed durations of bursts, from nlhe 'iist opeteing to the
according to a double exponential. rTe decay constant hcgihting of a closure lasting 1.6 ins or more, were
of the shortcr closed events was determined to have a r distributcd aiccording to a single exponential. The r
of 0.2 ins. The rni'ifnum inteiburst interval was observed for burst durations was 2.7 ins.

therefore delincd as 1.6 nis.
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a factor of 1.3-1.5 in agreement with the Qio value stem neurons. The clearly desensitizing, clustering
reported for muscle nAChRs [31]. pattern of channel activity, which has been ob-

The presence of various conductance states was served in muscle at concentrations of either ACh
seen with both ACh and (+)Antx openings higher than I uM [321 or 0.8/,M (+)Antx or
(fig.la,b). In the case of ACh, a high conductance greater [131, were not observed in the central
opening was noted in a few of the recordings neurons. Instead, in this concentration range, ran-
(fig. ] a). Due to the paucity of such events, we did domly occurring single events or sometimes step-
not analyze them in this initial study. Smaller wise multiple openings were recorded from these
opening events which appeared at a lower frequen- neurons. Indeed both (+)Antx and ACh were able
cy in some patches had about one-third of the to induce, in suitable concentrations, double and
anmplitude of the prevalent current. This lowest triple openings. The potency ratio of (+)Antx to
conductance population of channels had apparent- ACh in this study was similar to that observed in
ly slower closure kinetics. The low frequency of the periphery, ( -)Antx activated single channel
appearance of this population, however, precluded currents at 5- to 10-fold lower concentrations than
a reliable quantitative analysis of its kinetics, the neurotransmittcr.

Regarding chan.el conductance in the cultured

3.3. Kinetic analysis of ionic channel activation CNS neurons, the main population that was
The temporal analysis of the 20 pS-channels recorded had a slope-conductance of 20 pS, at

showed that (+)Antx-activated currents contained 10'C. This finding compared closely with the
short interruptions, thus generating a bi- observations in embryonic myoballs [311 and in
exponential distribution of closed times. The fast chronically denervated skeletal muscles [33,34).
component corresponding to the intraburst fast However, the high-conductance channels (about
gaps could be fitted to an exponential function 32 pS, at 10*C), which are the predominant
with a r of 0.2.ms (fig.3). Open times corre- population in adult, innet;'ated frog muscles [34]
sponding to either an isolated single opening or and which also appear at a lower frequency
each of a number of openings within a burst had (5-10076 of the total events recorded) in cultured
a single exponential distribution with a r-of 1.7 ms rat myoballs [31], were not frequently observed in
for channel currents with amplitude of 1.6 pA at the CNS cultured neurons. Thus, it seemed that the
10*C (fig.4). The open times did not show a steep central neurons in culture carried the embryonic or
voltage-dependence through the limited voltage denervated-4ype nAChRs. This may reflect the im-
range thus far examined. Burst times, similar to maturity of the preparation and/or its receptors;
the open times, had a single exponential distribu- we previously demonstrated [301 that GABA-
tion with a mean of 2.7 ms for currents of 1.6 pA. activated channels on cultured hippocampal
The mean number of events per burst ranged from neurons differed from those of adult neurons.
1.2 to 1.6 among different patches. This value did Comparison of AC-h- and GABA-activated chan-
not show a clear correlation with the voltage or nels assumes a new significance in the light of re-
concentration of the agonist. cent molecular biological evidence for their

structural homology [35]. Alternatively, the ACh-
S4. DISCUSSION and (+)Antx-activated channels may have an ex-
. trasynaptic localization on these neurons as pro-
The present investigation conclusively demon- posed for a'-BGT-binding sites on sympathetic

strates that nicotinic agonists such as (+)Antx and ganglia [361.
the neurotransmitter ACh are able to activate Similarly to the muscle nAChR [131, the pattern
channel openings in neonatal cultures of hip- of channels activated by (+)Antx in central
pocampus and brain stem cells. The most reactive neurons showed bursts with an increased number
site for the agonists was usually located at the of short closures in contrast to the isolated open-
region of the apical dendrite. Compared to ings induced by ACh. Because the individual
peripheral nAChRs, 5-10-times greater concentra- (+)Antx-induced openings were also shortened,
tions of both ( +)Antx and ACh were necessary to the resulting bursts remained shorter than those ac-
activate channels on the hippocampal and brain tivated by ACh. The channel bursts induced in the
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CNý neurons by (+ )Antx at micromolar concen- sitailar to that reported for thc cembryonic and
tration did not rcscinblc thosc elicited by dcsen- Jcncrvated miusclc nAChiRs. Although qualitative-
sitizing concentrations of agonists 113,32,37,381, ly the events opened by thcsc two agonists wc,-e
by open channel blockers such as QX222 t391 or disiinguishable, both ACh- and ( f-)Anix-activatcd
anticholincsterase agents such as, ncostigniine and channels had channel opening and closing kinetics
cdrOphonliUml (381. Rather, as reported for muscles famtci than those reported for similar conductance
113,401, these fast closures obsei ved with ( i)Antx nAChRs in musclc. These differences could be a
probably resulted from relatively more rapid tran- funcional consequence of the structural changes
sitions from thc closed, doubly-agonist-bound betivecli scuroitat and muscle nAChR's iniplheit in

*stalc to the opened state as compared to thie rates [thc nmolcular biological evidence for a separate
of dissociation of eithcr of twvo agonist molecules. gCW fam11ily gCVCrnling this macromolecule in the

f~io~d fo the NS rceptr (0. nis was braini [15]. Application of the patch clam, ehi
shorter than that of musclc (0.4 ins, (13]), which qiue to nicotinic channels on central neurons, suc-
implics that thce rate of opening was greater; ccýsfuily demonstrated here for the first time, will
however, because the number of openings per pennit us to assess the functional status of

*burst remained similar to that in muscle, thie nAChRs in the CNS. The apparent similarity of
dissociation of (+)Anitx front tile receptor Nvas ap- the ionic channels of the central and peripheral
parently also increased. This may account for the nACiiRs 1181 suggests that the use of Antx and its
higher agonist concentrations necessary to elicit analogues, LUChiding the newly synthesized Antx
responses and the absence of desensitizing bursts at d-rivatives, with non-comipetitive ant(agonist
miniromiolar concentrations. pwropcrtis; 141], may help to clarify the relationship

*For the 20-pS chaaacls, the nAChR in the been= the receptor subtypes.
cultured central neurons had a rapid rate of cliaii-
tici closure. For denervated muscles and cultured CNWEG INT
myoballs, at 10*C and at holding potentials be- AKO LDEET
tweecn - 80 and - 140 mV, the mean channel open We arc ,cry grateful to Ms M.A. Zelle for com-
times for ACh-activated channel-, were reported to ptater assisancc. This study Was financially sup-

*range from 10 to 45 ins, the rate of channel closure po-wied by granits. from tlie Tobacco Advisory
being raster at morf! positive potentials. However, Cc~imcil (to S.W.), a collaborative NATO0 Travel
different nicotinic agonists activate channels with award (to S.W. and E.X.A.), NIl- Grant NS 25296
different kinetics; for the 32-pS channel of inner- (to EX.A) and US Army Medical Research and
vated muscle. the duration of ithe Open state in- 13evelopiuent Commnand Contract DAMD-17-84-
ducccd by (+)Antx is app.-zximatcly one-half of' C04219 (to E.X.A.).

* that induced by ACh 1131. While the 20-pS conduc-
tance channels activated by (+ )Anitx in denervated
muscles had a burst pattern of mnultiple openings REFERE-NCES
similar to the 32 pS channel typical of innervated
muscles, the rate of chiannel closing was slower in [411 Karlin. A. (t980) in: '[hle Cell Surface and
the lower conductance channel (Albuquerque and Neuronal Function (Couiian, C.W. et at. eds)

*Aiacava, unpublished). IFor the predominan lpu. 191-2t0, Elsevier, Amisterdamn, New York.
ncuronal nAChRs reported here, the closing rate 121 Spivak, C. E and Albuquerque. tLX. (1982) in:
constant was faster dhan that observed for extra- Progrss inl Cholinergic Biology: model
junctional nAChRs in the skeletal muscles, t:ius Chafincrgic Synap~ses (H-animi, 1. antd Goldberg,
the mean open and burst times of the channels ac- A.M eds) p~p.323-357, Raveni, New York.
tivated by (+)Antx were only 1.6 and 2.7 ins (at (3] Co~quhixmn, D. and Sakinann, 13. (1985) J. Physiol.

369. 501-557.
*-120 mV holding potential). Iq Atuuc c C.X., Aracava, Y., Idriss, M.,

In conclusion, we have demonstrated using the Sch~menbcrger, 1B., tlrossi, A. and Deshpandc. S.S.
patch clamip technique that thc igonists ACh and (1917) in. Neurobiology of Acetyleholine (Dun,
(+)Antx activatc channels in cultured hippocam- N.J. and lcerlman, R. L. eds) pp.301-322, Plenumi

pal and brain stemn neurons with a conductance l'reu, New York.
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INTRODUCTION

The acutc and chronic effects of ethanol (EtOH) on the central and peripheral
nervous systems have been studied extcnsively. H-owever, despite a widc variety of

* approaches spanning from behavioral to biochemical and electrophysiological stud-
ics,'2 the molecular basis of EtOH's pharmacological effects and its relationship to
tolerance, dependenice and the withdrawal syndrome associated with chronic intake
are not yet well established.5' A number of reports have shown that EtOH- at
relatively high concentrations is able to alter the function of a diversity of signal
transducing protein,., including ligand- (egGBguaae Ch) and votge-
gated (Ca'* and Na') channels.-"

The nicotinic acctylcholiae receptor (AChtR) at the muscle endplatc has long
beer. reported to be affected by EtOH. These studizs showed that the alterations of
amplitude and kinetics of cndplate currents caused by EtOtl- can be attributed to
interference of the agent with presynaptic mnechanisais and to direct interactions
with postsynaptic AChRs."'" Postsynaptically, an increase in agonist binding and
enhancement of agonist "fast" desensitization via noncomnpetitive binding sites are
among the mechanisms suggested.

More recently, it has been shown that Et101l also blocks the activity of the
postsynaptic N-mclhyl-D-as Zartate (NMDA)-type of glutantatergic rcccptor at hip-
pocampal pyramidal cells," and, presynaptically, it inhibits NMDA- and glutamate-
induced radiolabeled noradrenaline and acetylcholine relcasc? Additionally, prelim-
inary studies using in vivo administration of CIOl-l to rats in relatively low doses
caused a dose-dependent inhibition of NMDA receptors (Albuquerque and Ara-
cava, unpublished). In comparison to NMDA, the kainatc- and quisqualate-activated

"This work was supported in Brazil by UFRJIUMAB Mollectalar Pharmacology Training
Program, FII'EP, CNI'q and FAPERJ grants and CNPq/CAPES graduate student fellowships.
This research was also supported by United States Army Medical Research and Development
Command Contrwat DAMD I 7-98-C-81 19 and USPI IS Grant NS2S296.

bAddress to which reprint requests should be sent.
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currents are less sensitive to EMOH." Recent biochemical studies corroborate the
clectrophysiological findings. For instance, EOlH inhibits the influx of Ca"2 associ-
atcd to NMDA channel openings.""

The understanding of the EtOH effects on AChR and NMDA receptors at the
molccular level becomes more important in view of the involvement of these
structures in physiological and ncuro-dcgcnerative processes that range from learn-
ing and memory to convulsion and neuronal degeneration, e.g., ischemia and
Alzhcimcr-type scnile dcu •i., Sumic of the neuronal altcrations and brain
cognitive deficits related to the dysfunction of excitatory aminoacid receptors as well
as nicotinic AChRs resemble those documented in human alcoholic syndrome and in
laboratory animals exposed to alcohol."'" Moreover, AChR and NMDA receptors
serve as targets for many behaviorally active agents. The dissociative anesthetics
phencyclidine (PCP) and kctaminc, known to impair memory and learning, and
MK-801, an anticonvulsant agent, block both the AChR and NMDA receptors
through noncompetitive sites."'' In addition, preliminary studies showed that pyra-
zolc, an alcohol dehydrogenase inhibitor, is able to interact with NMDA receptors-"
but is devoid of significant actions on the AChR (unpublished results). Furthermore,
recent advances in the technology of cloning and protein chemistry discloscd rather
conserved structure of diverse transmitter-gated ion channels, suggesting a common
genetic origin for these proteins.'" Therefore, the wide pharmacological spectrum
of EtOH actions and the apparent difliculty in defining its molectuar targets may
arise from the homologous domains and binding sites on ion channels associated
with GABA 'and glycine inhibitory receptors and excitatoty AChR and glutamatergic
receptor-ion channel complexes.

In light of these findings, we decided to investigate in more detail the molecular
interactions of EtOH with AChR and NMDA receptors. Isolated frog interosseal
muscle fibers and cultured rat hippocampal pyramidal cells were used as biological
models for studying the interactions of EtOH with AChR and NMDA receptors,
respectively. Using concentrations that ranged from low micromolar to molar range,
we provided evidence for actions of EtOli on allosteric sites at NMDA receptors and
AChR that could account for enhancement and blockade of channel activity re-
ported here and in a preliminary communication." We also demonstrated that EtOH
may interact with the agonist sites on both of these receptors.

In addition, we have further evaluated the actions of pyrazole on NMDA
receptors. Pyrazole and 4-methylpyrazole, live-membcred NN.hcterocyclic mole-
cules, have long been recognized as potent inhibitors of alcohol dehydrogenase and
EtOH oxidation."" Both drugs have been reported to revert EtOH-[-disulfiram toxic
reactions, and methanol' 2and ethylene glycol".' toxicosis. Ilowever, pyrazole
and 4-methylpyrazolc are able to enhance the effects of other general depressants
that are not metabolized via alcohol dehydrogenase."' The findings taken together
with the reports of EtOH and pyrazolc interactions with NMDA receptors raised the
question whether systems mediated by excitatory receptors could serve as targets for
the actions of these pyrazolcs in the CNS.

MATERIALS AND METHODS

Single Muscle Fiber Preparation.

Single fibers dissociated from interosseai muscles of the longest toe of the hind
foot of adult Leptodactylits ocellata frog wenr used in AChR studies. Single fibers
were maintained overnight in frog Ringer's solution with albumin (0.5 mg/ml). All
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solutions contained tctrodotoxiii (1TX. 0.3 ýLlvM) to p ntccii coirtriacin. The
detailed procedure for muscle dissection and enzymatic dissociation has been
previously putblishicd.'" For singlc channel recording. Biwas were b.zurcd in the
bottom of a minichamnbcr with an adhcsivc that consiste of a mixture of paraffin

* oil~pzrafilm (7:3, w/w).

Neuronal Cultureefroin 1-fippocampus

The culturing procedure has hcca described in *tail cLscwhcre.5' Briefly,
pregnant rats, 17-201 days of gestationl, were initially anctlctized with dry icc and
sacrificed by cervical dislocation. Six to eight fetuses vxn removed and placed in a
cold physiological solutikn. The fetal hippocampi w=then dissected from the
cerebral hemisphercs. minced and incubatcd in trypsia .2S%) for30 min at 35.5*C.
Cell dissociation was achicved mcchanically with [luxes~dculturc so~ution consisting
of modified Eagle's mediumi (MEM, Gibco), 10% Iclal cilf serum, 10% inactivated
horse serum, glutainine (2 mnM), and DNasc (40 Mg). Cells were pLatedl on
polylysinc coated Petri dishes. Twenty-four hours aftcrplaing, fetal calf serum and

* DNase wcre removed fromt the culture mcdium and *& thc 8th day 54luoro-2'-
dcoxyuridine/uridine was addcd for 24 h to halt glial cel growth. For patch-cam
recordings. 3- to 15-day-old cultures were uised. Apparcoy, the age of the culture
and dcr.3ity of cells in the culture dish, within this age zaW, had no inliuctice on the
activadin of the NMDA receptors.

* ~Electrmp/)Wyological Recordinsgs

Single channel currents wcre recorded with an LiU.EPC-7 patch-clamp system
(List Electronic, FRG) using standard patch-chimp tetimques. Alter modulation
by a Ncuro-Cordcr unit (modcl DR-384, Ncuro Data imiumans Corp.). data wcre
stored on video cassette tape for later comptitcr analysiL

Nicotinic AChR activity was recorded from the paciionI rcgioas of muscle
* fibers under cell-attached configuration."'M Hepcs-b~u1fr physiological solution

containing T'IX (0.3 ý&M) was used in all experiments- ja micropipcts were filled
with ACh either alone or mixed with varied concentraticimof EQOH. To test whecther
'"tOH itself had agonist activity, alcohol solution, withowACh or other agonist, was
used in the patch pipet. All recordings were carried out a 10*C temperature.

NMDA receptor activity was recorded from outsid-out paichcs of cultured
pyramidal cell-like neurons at room temperature (775'C. h details of the

* ~recordings are described elsewhere.3 ""' Unless othcaum stated. nominally Mg`-
* free extracellular solution was used in the bath and pcifimic system. Toevaluate the
* agonist property on NMDA receptors, pyrazole or EF" alone was added to thie

external solution of outside-out patches using a pcsfmim system and the. results
were compared to those obtained for NMDA.

ComputerAnalysis

All data were filtered at 3 kHz (Bessel. -3 db) ad digitized at 12.5 kliz for
analysis on IBM PC-AT microcomputers. The progam IPROC-2' was used to
detect the single channel currents, and the analyses pmoidd amplitude, open, total
closed and burst times and stationarity histograms. A SO threshold was used for

.4'
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determination of channel opening and closure. Bursts were defined as open channel
events or groups ef events separated from subsequent openings by an interval greater
than 1.2 ms for ACh and EtOl-[ at the AChR, 6 ms for NMDA- and 9 ms for
pyrazole- and EtOH-activated currents at the NMDA receptors. Details of single
channel analysis have been published clscwicrc."'•

Pharnacological Agents Used

, ACh chloride, NMDA, DL-2-amino-5-phosphonovaleric acid (APV) and TTX
were purchased from Sigma Chemical Co.. EtOH from Merck Pharmaceutical Co.
and pyrazole from Aldrich Co. a-Bungarotoxin (ct-BGT) was purchased from
Biotoxin, Inc., St. Cloud, FL 34771.

Statistical Methods

Student's t-test was used for comparison of the results. Values are expressed as
mean -- SD.

RESULTS

Nicotinic ACIhR

EtOH Effects on A Ch-Activated Currents

A wide range of EtOH concentrations was tested on the single channel currents
activated by ACh (0.4 t.M), including some much lower (10 ýLMI and much higher
(> 680 mM) than those associated with alcoholic syndrome (1.74 mM 0.01% to
174 mM = 1%). FIGURE I shows samples of single channel events activated by ACh
either alone or admixed with EtOll at mM concentrations. An ohmic relationship
was found between the amplitude of the current and [he transmcmbrane voltage (in
the range of -90 to - 180 mV) giving a conductance value of approximately 43 pS for
both ACh alone and ACh in the presence of EtON at 10"C. Depending upon the
range of EtOH concentration examined, the transmembrane potential and the time
of exposure to the drug, multiple alterations could be detected that reflected changes
in the frequency as well as kinetics of channel openings (see FiGs. 2-5). At very low
concentrations (10-100 ILM), below clinically relevant levels, the main alteration was
an increase in the frequency of channel openings. Itowevcr, at high concentrations,
above 174 mM, EtOll produced more complex modifications of the activation of
AChR. The agent caused rapid desensitization with at least two kinetically distinct
populations of opening events (see FMto. 3).

Frequency of ChannelActivation

In the presence of ACh (0.4 I.M). depending upon EtOll concentration, fre-
quency of channel openings was affected in various ways. Addition of E1OH at
concentrations as lw as 10 p.M to the patch pipet always resulted in a slight increase
in the frequency of openings compared to control. At low millimolar range (1.74 to
174 mM). it was possible to detect an increase in the frequency of single channel
activation during the first 3 min of recording. followed by a progressive decrease in

J.



456 ANNALS NEW YIMK ACADEMY OF SCIENCES

200M

ACh 0.44 A(h + EtCH 1.74 mM

0 ¶00 200 300 400 a' £0 0 f 2W 300 400 5

00 ACh + EtOH 17.4 mM AOh + EtCH 174 mnM
CJ)

0 C"I

C- 40

10 0 000 0 000 a 5W lo S 4" 20 N00 700

Ito ACh + EtO- 340 mM ACh + rtOH 680 mM

a IO or) ?W 3 XG Q AN 0 "a INQ a too 2 in 4WQ us Wo 7

Recording Time (s)

FIGURE 2. Concentration- and tinie-dependent effct af EtO.IOil a the frequency of ACh-
activated currents. Single channel currents wecre recorded ind • •crcc of" ACh (0.4 tJ.M) and
various concentrations of" C-tO| (1.74--080 niM). The data dow de i dynansics of the effects of

SEIOH on frequency.

separation betwecn the two populations was less marked and the faster phase
obscured. Because of the inability to quantify this component adequately, we only
used tic values of the slow component for analysis of EtOH effects.

* EtOH enhanced both the open and burst times ofACh-activatcd single channel
currents in a concentration-dcpcndcnt manner. At 174 mM there was a slight
prolongation of the mean open time, but at 340 and 6W mM a 3- and 4-fold increase
was induced, respectively (FIG. 4). Thcsc actions ol EtOFI appcarcd to be less
evident as the membrane potential became more negtive (-90 to - 120 mV) (FIG.
5). At higher conccntrations of EtOll (340 and 6M1 mM) it was possible to
discriminate, based on duration, two distinct populatins of oven and burst events,

* one very brief (mean of - .5 nis) and the other as much as 100-times longer (evident
in FIGS. I and 3). It is likely (hat the brief populatioa of events observed in the
presence of EtOH is due to open channel blockade faiitated by the concomitant
stabilization of the open state. All of the single clhaeml Currents recorded in the
presence of ACh together with EtOll appear to be the rcsmlz of the AChR activation
because they were blocked by a-BGT (5 ig/mlI).

0l
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the number of events to the frequency obtained with ACh alone. Application of
higher EtOH concentrations (340 and 680 mM) resulted in a drastic reduction of
channel activation within 5 min. FIGURE 2 shows the dynamics of EIOH's effects on
frequency at millimolar concentrations.

Kinetics of Open-Channel Curenis

ACh (0.4 ;.M) elicited square-wave currents interrupted by very few brief
closures (FIG. I). The mean open times were very similar to the mean burst times

ACh 0.4 pM ACh + EtOH 174 mM

ACh E tiON 340 n" ACh + EtOtt 680 mM

*~I HI-0l?-

H. .• .125 VVV TpA

32 m,

FIGURE 1. Samples of single channel currents activated by ACh alone and in presence of
EtOft at different millimolar concentrations. Recordings were made from cell-attached patches
of frog interosseal muscle fibers at IOtC.

(FIG. 3), and the number of events per burst was close to unity. Hyperpolarization,
stabilized the channel open state and increased both .r.,, and '?,., values, with no
significant alteration of the number of events per burst. Histograms of open and
burst time; had distributions that could be better fitted to a double exponential
function (FIG. 3), The fast component, when present, had estimatcd r values in the
range of 0.2-0.4 ms, which is close to the resolution level of the recording system with
the filtering bandwidth that we used. In addition, at more depolarized potentials. the
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7he Weak Agonist Acfion of EIOl

In the absence of ACh or any other nicotinic agonist. EtOll was able to elicit
channel openings. Although occurring at very low frequency (1-2 events/min), single

channel currents could be recorded even at low concentrations of EtOil (10 ýi.M).
* :This agonist effect of EtOH becarnc more evident at very high millimolar range

ACh 0.4. 1.01 ACh W0.4,ý 4 M

"Iasi - 0..) M it t * 0.4 ma

""' - 7.4 gl 's - 7.9 m•

40Q

200 ACh + CtOll 1 74 mM I"4 ACh * itOH 174 m14

1 "to 0.9 ms Trod - . 1 me
50 ~ w 7". .1.A3 00TSw* me

000

so '2.2m

160

60 1to ACh + EtOH 640 mM to + E1- 610

AC •h+EIIOH 680rmd ,Io .4sTCt ÷[O468O mM

-¢ost . 0.4 me - 0 Om
1 44 rllw -73n. wSJS•fl~ u•.4 mS

4040 0~MbIL
so ...t o

It 30 Po 12 o i 20

*Open Time (ms) Burst Durction (ms)

FIGURE 3. Distributioos of open and burst times of the currents activa€ed by ACh in the
presence of EOI I. Iolding potential was hetween -95 and -125 niV. The slow component
w:,s prolonged by EtOl 1. No clear CffCel on the fast component was scen. Data are representa-
live of results obtained front at least 3 patches .or cach lEtOll concentration.
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5- E= Control
C M ~ACh + EOH 174 mMa) CO ~h + EtOH 340 mU

CL 4.
0 RM ACh + tOtl6WOmM

N

FIGURE 4. Concentration-dependent effcct of EtOlt oin the open times of ACh-activatcd
channels. Each -r, value (or EtOI I was normalized for the control valuc obtained in the same
cell. Each bar represents the mean :t SD of the normtatizcd values. Vloding Potential: -903 mV.
*p <0.(X)5- -p > 0.01.

(> 340 mN). Qualitatively. singlc channel recordings showed that in comparision to
ACh. Mt0l evokcd bricfcr. morc isolated currents, reflecting a more unstable
channel open state. However, some very long. hurst-likc channtcl currents were also
secn. As shown in the FiGURE 6, which illustrates the AClIR activation by EtOH 680
mM. at least three populations. of evcnts could lie detected in both open and burst
time distribu tions. Although apparent in the histogram~s. thc Tr values of the third
component could not be determined duc to the rarc appearance of the long bursts. In
comparison to records obtained with Et1lI 1680 mM 'n the prcsence of ACh, an extra
fist component was elicited by 111011 alone. The exact mcchanism of activation of
these brief currents is not clear at thtis stage. htit they scem to arise from a direct
EtOll interaction with the agonist recognition site at the nicotinic AChRs since all
openings could bc complecely blocked bvy c-BGT (5-SO t~g/ml).

NMI4 Ileeeplors

E1011 Activates NAMA Recepian . i ltipix.-arnpuI P)yrapidal Cells

Previotus work from this laboratory"' knrmonstraied that r- Ol I produtces a dual
effect on the activity of NMDA receptors: low concentration of 13t011 (1.7 mm)
incerases t he probability ofchannel opening induced by NMDI~\and higher concen-
trations (174 mM) decrease the frequency of openitigsand open channel lifetime."
We further examined whether EtOll itself could htave any agonist action on the
NMDA receptors.

FiouitrE 7 shows the action of EtOll at 0.1-11M mM. When EtOll was applied to
thec xtracellular side of outsidec-out patches of cultured Itippocampal pyramidal
cells, it induced currents which resembled thorse activated by F4MDA and cou ld be
completely blocked by APV, a compctitive NMDA antagonist. The current-voltage
relationship gave a singlc channel conduictance oif aboutt 50pS. ftir cttrrents recorded
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FIGURE S. Voltage-dopendcnt eiled of 111OZI on A~h-activawe currents. Single channel
currents were elicitcd by ACh 0.4 ;LM alone (0) and in presec= of 121011340 mM (0). Only
the mean of the slow component of cithcr open or bursi didzibutions was, plotted against
current anipittude. The data platted are from I I patdchs in (we =uaide fibers
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FIGURE $. Agonist c-fect of EtOll oti the nicotinic AChR. Hfistograms -ma et, and burst
durations t e680 mM.0
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at 25"C, a value similar to that seen for NMDA-activated channels (FIG. 8). The
frequency of channel openings was increased when 'he EtOHl concc.itration was
raised from 0.1 to I mM. However, in contiast to NMDA currents, a marked
decrease in the frequency of openings was observed when EtOlI concentration was
raised above I0 mM, such that at 100 mM almost no activation could be recorded
(see FiG. 7).

EtOH-induced channel openings that were interrupted by brief closures. The
mean open time, burst duration and frequency of openings were apparently influ-
enced by bo.h EtOF( concentration and transmcmbrane voltage. The voltage-

6101 0. 1 ffm ftoff1

ElO 1 M",l I .- * APV 50 yM

, , 0 0 AA. - . 0..4 1 .01.4 .

M*. - .0 MVJ 9 pA

FIGURE 7. Agonist effect of EtOll on NMDA receptors. Single channel rurrents were
activ2ted from outsidc-out patches of hinpocampal pyrimidal cells. I)iffcrcnt EtOl I corcentra-
tions (le/t rolnhmn) and FtOl (1 niM) with or without AI'V (riqhf cohlumn) were added to the
extraccllular perfusion solution.

dependent shortening of both mean open and burst times is illustrated in the FIGURF
9. The currents activated by I mM EtOlI had a -r,. of about 1.3 and 0.8 ms, at -80
mV and - 100 mV holding potential, respectively and -r•., that could be fitted by a
double exponential function. Because of the marked lecrease in channel opening
.nduced by EtOl at concentrations > 10 mM, a qua•ntilative an:dysis of the mean
open and burst durations could not be made reliably. At all concentrations tested,
single channel conductance remained unaltered, which indicated a non-conductive
blocked state.'1 4 ' Though most of these alterations cotuld he -xplained by a sequcn.
tial blocking model, the apparrent ronccnlrration-dcpendent shortening of the hurst
durations departed from the predictions (of this model."
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FIGUR.E8. Conductance of the single channels cliciued by NMDA, pyrazoic and EIO011. Single
channel currents were activated at holdinp potcntials ranging between -50 and -130 mV by
the threc drugs. The conductance values obtained from the INV plot wee: S0 pS for NMDA, 49
pS for pyrazole and 5I pS for EtOl 1. Tentipcratare: 25*C. 11c points are meaLSt from al least
rive patches.
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Agonist Actions of Pyrazole at NMDA Receptors

FIGURE 10 shows recordings from outside-out patches of hippocampal pyramidalcells, demonstrating that pyrazolc (I g.M) was able to activate single channel
currents at concentrations comparable to those of NMDA (0.5-1 ý.M)."'" Increased

Pyrazole I1,/

Pyrazole 3 tJM

Pyrazole 3 tjM - APV 50,jM

HP. -80 MV !

FIGURE 10. Samples of pyrazole-activated currenls. Single-channel currents were activated bypyrazole on oltsi=de.out patches of cultured hippocampal pyramidal cell. I hese currents were
blocked by APV, a competitive an2agoftstl of NMDA receptors.

-|~
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FIGURE 11. Voltage dependence of pyrazole-activatcd currents. The mean open times (left)
anti the meant number of openings per burst (Htigt) were plotted against holding potential.
I typerpolarizatioe increased the number of openings per burst and shortened the mean open

opening frequency was seen when pyrazoke concentration was raised to 3' jM (see

also iG. 0).M agoistcffect of przl a blse ytecmeiieN D

blocer PV 50 M).thus suggesting that pyrazoic was indeed activating thc
NMDA(yp ofglutamatergic receptors (FtG. 10). Single channel conductance as

which was similar to that seen for NMDA-activatcd currents (see Ftc,. 8).
Singlc channel currents evoked by pyrazole were quitc similar to those activated

by NMDA. Despite nominally Mg t*-frec external solution, the recordings showed
open-charinel currents inicrru-.ed by brief closures,, and hyperpolarization in-
cerased the frequency of flickers during the opening, decreased the mean open times
(apparent in Flo,. 11) and prolonged the burst duration. The reduction of frequency
of channel opeoning and long bursts followed by silent periods seen at more negative
potentials, represented an activation pattern seen neither with NMDA nor EtOlK.

Thei open times of pyrazole-activated cutrrents could be fitted to a single exponen-
tial function, whereas both the intraburt closed times and the burst times had
double exponential distribution-, (not shown) as reported earlier.' In comparison to
NMDA currents, py'razole-activatted currents had similar closed times, but longer
open and burst times. Interestingly, the currents elicited by pyrazole at 0.5, 1 and 3
l.LM disclosed a -r0 of 3.2, 2.4 and 2.0 ins, respectively, at -80 mV holding potential.
I ndeed, when pyraztolc conecentrat ion was ra ised to 10 l±M, a significant depression of
cha nnelI activity and a furt her shortecn ing of t he me an open times to 0.8 ms (- 80 mV
holding potential) were observed. Burst time. were also shortened as the concentra-
tion of pyrazole increased. It is worth noting that we did not observe such effects with
NMDA up to 20 p.M concentration, either in the absence or presence of glycinc.
Under all conditions studied, there was no significant change in the single channel
conductance.

An initial pharmacological chtaracterization of pyrazotle -activated currents ndli-
cated a susceptibility to both Mg* and P~b" blockade. Similar to NMDA, the
channels activated by pyrazole (I ILM) could be blocked by external Mg2 in a I
concentration- and voltage-decpendent manner (TAwxf 1). Mg"' (10 and 50 1s.M)
produced an increase in the flickering oif the open-channel currents. 1-lyperpolariza-
tion of the membrane further enhanced the number of the intraburst flickers and
dccreased both the r, and the frequency of openings. Burst duration decreased in
thte presence of M9, which is a departure fronm the; predictions of a simple
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sequential blocking model. In addition, Pb" (10 A.M) added to the pyrazole solution
perfusing an outside-out patch from 2 to 7-day-old cultures, reduced significantly the
frequency o( openings induced by pyrazole. This effect is vcry similar to that reported
for NMDA currents.+',

DISCUSSION

Actions of EtOJ on the Nicotinic A ChR

Most studies of EtOlTs mechanism of action, regardless of the method, tissue
preparation, or the target (receptors, enzymes, ctc.), dealt with millimolar concentra-
tions at which this agent is known to produce clinically relevant alterations. Some of
them used high millimolar and up to 1-2 molar range, levels that are incompatible
with life (> 1% or 100-200 mM), yet have biophysical relevance for elucidating the
molecular interactions of EtOl-I with some membrane or cellular components. For a
long time the Meyer and Overton concept of the interactions of the lipophilic
compounds with hydrophobic sites on membranes has been extended to explain that

TA•LE i. Effects of Mg2* on Pyrazole-activatcd Single Channel Currents at Two
Holding Potentials (-80 and -100 mV)

-80 nV -800mV -tInV - 100 IV -80 mV - lt)1nIV
Pyrazole 1 AiM 2.3 (0.3)" 1.2 (0.5) 1.5 (0.3) 1.5 (0.4) 11.5 (1.6) 13(1.5)
+ Mg'* 0 p.M 0.8 (0.1)' 0.6 (0.1)' 0.6 (0.1)' 0.7 (0.1)b 10.0 (0.9) 9.2 (1.0)'
+ Mg2" 50 p.M 0.3 (0.03)" 0.1 (0.02)' - - - -

"Values are mean (SD) obtained from at least 5 patches.
'p <0.005.
"p < 0.01.

these drugs disorder membrane lipids and thereby alter the function of mcn.brane
proteins. However, there is no clear consensus that fluidization leads to changes in
receptor function." Moreover, the alterations of lipid organization and fluidity of
plasmatic membranes are found only with very high EtOH concentrations, which are
higher than those clinically relevant. Therefore, it is possible that the effects caused
by intake of EtOH could be related to a more specific interaction with some cellular
membrane component. It has been proposed that EtOH could be interacting with
multiple sites that are likely to include hydrophobic sites on different receptor
proteins, even at levels that cause minor effects.'

The present investigation using a wide range of EtOH-I concentrations (10 A.M to
680 mM) unveiled a multiplicity of actions of this alcohol on activity and kinetics of
the AChR of the ncuromuscular synapse, i.e., allosteric enhancement of ACh-
induced channel activation, kinetic modifications of the open channels and desensiti-
zation.4" The modifications of AChR function caused by EtOH-I were both concentra-
tion and voltage dependeni. In addition, the agonist effect which was clearly seen at
high millimolar concentrations added further complexity to the EtOH actions on the
AChR activity.

On the frequency of ACh-activated single channel currents, depending upon the
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conccntration, EtOH induced enhanccmcnt, dcprcssiw or both, a pattern similar to
that reported for ELOHI on the NMDA-activatcd cunenras', The potentiation of
AChR activity was clear and consistently seen from 10 12,4 up to 17.4 mM,
concent rations which arc scvci al-fold below clinically toxic lves of EtO 1. At theseV Oconcentrations, EtOl I did not alter the open state of the channels activated in the
presence of ACh. The potentiation of AChR activity by E10- is consistent with the
previous report showing increase in "Rb' flux elicited by AClh from Toqredo vesicles
and also supports partly the augmented muscle twitch tcnsion" and larger postsynap-
tic ACh-induced currents" seen in the presence of ELOItL Although in experiments
with intact neuromuscular junction, the contribution of thc presynaptic effect of
EIEtOH increasing transmitter release is signilicant, our data strengthen the view that
EtOHt also modilies the function of postsynaptic ACUR and thereby enhances
synaptic transmission. Earlier studies suggested that E&OH's effects may be due to an
increased agonist allinity for AChR` or stabilization of the open state of the
channels activated by the neurotransmittcr. Our data did not show any significant
increase of r,,, or r,,,, at low concentrations (up to 1.74 M)," thus arguing in favor
of a modification of agonist affinity or an increase in the probability of channel
opening (13) from the agonist-liganded AChR specie. This effect of EtOti is
different from that seen on the NMDA receptor (this paper, and ref. 18). The very
weak agonist effect seen with low EtOHf concecnratio rules out a significant
contribution of EtOl I currents to this increased A~hR aclivation, and suggests an
allosteric mechanism.

As the concentration of EtOH increased, potcatiatioa became less obvious,
followed by a more intense reduction in the frequcncyofEtOH-induccd openings. In
fact, at concentration- comparable to those described in previous reports, where high

.4 millimolar levels of EtOH were used, desensitization of AChR was the prevailing
effect. EtOH in this case may stabilize the inactive deastitiz., AChR states which is
characterized by high-aflinity binding for the agonisL." Indeed, EtlH has been
reported to increase the agonist affinity for AChR, most likly by acceleration of the
transition from low- to high affinity AChR species. In addiiion, analysis of the kinetic
actions of EtOH on the AChR revealed two distinct poplulations of events, brief,
isolated events and long bursts. Although we cannot dconsrate additional popula-

Sltions, the contribution of EtOH-activatcd currents, particularly of those with fast
kinetics that are prevalent, cannot be discarded. The aiation of long bursts which
became even longer when higher concentrations of EIOH were used, is in agreement
with data from noise analysis" and could contribute to the slow mepc decay."
Evaluation of single channel current, however, is nmre apiopriatc for the detailed
analysis ot the kinetics since it enables one to differctiatc a simple decrease in the
rate of channel closing from a combination of changesi. other steps of the activation
cascade that could induce activation in bursts and/or tocate additional population
of currents. Indeed, the histograms of both open and burst times showed t.

S.components, thus discriminating populations of eves that could not be detectce ,
other electrophysiological techniques. We have obscdaconcntration-denendc,-
effect of EtOH on the slow component for both open =W burst time distributions.
The increase in the t.,. was due to a prolongation of tme t,, and occurred without a
significant change in the number of openings per blst, im.., EtOH did not induce

Sbursting actiity. This pattern suggested a decrease i. the rate of dosing, with
stabilization of the open state. The fast component seemed not to be prolonged by
EtOH. However, the inaccuracy in resolving the fag events precluded further
speculation about the nature of these currents, ie., wbcdocr they arise from an AChR
bound to a single agonist molecule and whether thy axe sensitive to EtOH
interactions. Further improvement in the recording and detection and tihe analysis of

0'
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the voltage- and concentration-dependence of the duration of open, burst and
intraburst closures in combination with binding data may help to clarify the most
intimate mechanism of EtOH action.

Regarding the agonist effect described for the first time in the present study,
EtOH has been shown to activate currents through ligand-gated channels. EtOH
stimulated 'C1" influx which was inhibited by GABA antagonists, picrotoxin and
bicucul!ine, and potentiated by pentobarbital and muscimol.'... This effect was
observed at intoxicating concentrations of EtOH (20-100 miM). At the muscle
AChR, EtOH had weak agonist activity, but the channel activity was sensitive to
,a-BGT. Whethet this weak agonist effect is due to a low affinity EtOH binding to the

'* :ACh recognition site or to a low probability of opening after binding, remains to be
elucidated. It is worth noting that comparatively EtOH was able to activate NMDA
channels at much lower concentrations (I mM).

Thus, our data suggest that the multiplicity of EtOH actions could be related to a
direct EtOH interaction with several on the AChR. Indeed, approximately 1.5 M

S..EtOH is required to change the lipid membrane order parameter enough to abolish
"AChR activity.' We observed modifications in AChR function by EtOH at concen-
trations much lower than those that caused a bulk interaction with lipid membranes.'
However, a hydrophobic pocket within the AChR that is usually occupied by
cholesterol has been proposed,' and could be one of the sites for interaction with
EtOH.

EtOII and Pyrazole Adima en the NMDA Receptors

EtOH and pyrazole both intcracted with the NMDA-subtypc of glutamatcrgic
receptor; they activated and blocked the ion channels, a p~attern not seen with
NMDA or glutamate." Our data further suggest that EtOH and pyrazole interact
with at least two sites on the NMDA receptor, one of these sites sensitive to APV and
the other a noncompetitive site of the receptor macromolecule most likely located at
the ion channel moiety and more accessible when the recceptor-channel complex is in
the open state. The concentration-dependence of activation/blockade process was
very similar for the two drugs, such that a t0- and 100-fold increase in concentrations
led to reduction and abolishment of channel activation, respectively. However, the
effects of EtOH and pyrazole greatly differed in terms of effective concentration, i.e.,
while pyrazole manifested its eflect at micromolir range, EtOH required mM
concentrations.

Initial analysis of the single channel currents indicated a blockade of the open
state of the channels activated by either EtOH or pyrazolc,"I and the significant
shortening of the bursts denoted a rather stable blocked state, a pattern that was
similar to that seen with MK-801.R-" However, unlike MK-801 and many other
agents such as PCP and kctamine that arc also able to block nicotinic ACMR,`'
pyrazole did not inhibit the binding of noncompetitive antagonist histrionicotoxin to
Torpedo membrane." In fact, pyrazole did not affect the clectrophysiological proper-
ties of the AChR located at the frog neuromuscular .snapse." This makes pyrazole a
promising candidate for probing the NMDA receptor. Its rather simple structure,
amenable to chemical manipulation, and its ability to gain access to the CNS
compartments make pyrazole, itself and analogs or derivatives, very well suited for
assessing NMDA receptor sites.

* :Additional sites on the NMDA receptors seem to be affected by EtOH. On the
K " NMDA activated currents, EtOHi has been reported to enhance the activation at low

LIIII
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CONCLUSIONS

* Tnd interactions of EtOl I with nicotinic AChRs in the peripheral nervous system
adwith NMDA-type glutamatergic receptors in thc CNS were evaluated using

patch-clamp techniqtic to unveil thc molecular mechanisms that underlie multiplc
effects of EtOH on thc human nervous system. In addition, the actions of pyrazole,
an alcohol dehydrogenasc inhibitor, on NMDA rcccptorswcrc studicd.

The AChR1 activity was evaluated onl fibers acutely dissociated from fcog interos-
seal muscles using the cell attached patch clamp modality. At low concentrations (10
ý.M-17.4 mM) EtOl I modified only thc frequency of single channels activated by

* ACh. When the EtOH concentration was raised above 174 mM, the enhanccment of
channel activation became transient and at the highest concentration (680 mM)
tested it disappeared, revealing a clear pattern of desensitization. However, EtCH
concentrations higher than 174 mM ilso altered thc kinetics of these currents,
increasing the mcan open and burst times. Memsbrane hyperpolarizatLion enhanced
this effect. Interestingly, EtCHi alone had a weak agonist property on these nicotinic
AChRs which was mioe evident at higher millimolar concentrations (680 mM). On

0 thc other hand, single channel currents could be recorded from culturcd rat
hippocampal neurons unideroutside-out conifiguration whcn EtOl I in concentrations
as slow as I mM was added to tilc bath solution perfusing thc patch. These currents
were blocked by APV and had a conductance va;,uc of 50 pS (25*C). However, as the
EtCH concentration was increased, the frequency of channel openings was signifi-
cantly reduced, precluding a quantitative analysis of the kinetics. Under similar
conditions, pyrazole (0.5 ýLM) was also able to activate 50-pS single channel currents

* sensitive to APV. Additionally, ats its concentration was enhanced, the frequency of
openings as well as the mean opcn and burst times of these channels were decreased.

2 Taken together, our results suggest that EtOH- is able to interact with multiple
binding sites, indicating that thc clinical elfects observed in patients under the
influence of alcohol may involve multiple alterations of various synapses. Moreover,
pyrazole as a rigid antd chemically simple molecule seems to be a good compound to
study the agonist and non-competitive sites of the NMDA receptor ion channel
complex.
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(1.7-8.7 mM) concentrations and to depress it at 100-fold higher concentrations."
One may ask whether EtOH-activatcd currents would contrihute to the enhanced
channel activation. This proposition seems unlikely, since at I mM we detected no
such high activation that could account for the increased frequency. Additionally, we
have detected populations of currents in open and/or burst histograms correspond-
ing to the EtOH currents that are slightly shorter than those elicited by NMDA.
Therefore, an allosteric site on the NMDA receptors needs to be invoked to account
for the frequency enhancement effect. The site may be similar to that of glycine but is
not likely to be the giycine site itself since preliminary work in the laboratory
indicated that the EtOll effects were independent of concentration of glycine

.* (unpublished results). On the other hand, the EtOl I inhibitory effects on the NMDA
receptor activity can be potentiated by Mg"'. Desensitization or some other type of
blockade may underlie this inhibitory effect of EtOH.

Though EtOl- actions seem to point to multiple binding sites, the antagonism by
specific ligand reinforces the hypothc.is of direct interactions of EtOll with sites at
the receptor protein. Along the same line, the specific antagonism of EtOH actions
on the GABA receptor activity by benzodiazcpine-likc compounds suggests an
involvement of specific sites.' Therefore, it is likely that the multiplicity of EtOH
"action results from its direct interactions with a diversity of NMDA receptor as well
as AChR low-affinity sites.

The physiological significance of ACIiR alteration by EtOlI on synaptic function
especially under conditions of long-term, chronic EtOll intake is merely speculative.
Also, the correlation of the initial CNS effects (stimulatory and/or depressant) with
the eventual onset and development of alcoholism in humans has yet to be under-
stood. Long-term modification of NMDA sites could possibly contribute to a
receptor up-regulation. Indeed, chronic EtOl 1 treatment has been shown to result in
an increase in the number of NMDA receptor-ion channel complexes in the
hippocampus. This modification seems to be correlated with the seizures induced
during EtOFI withdrawal in dependent animals." Comparable effects of EtOH
described for muscle AChR may also be expected to occur with the parent subtype(s)
at certain central neurons. The agonist property and the kinetic modification of
ACh R currents may serve as parameters to link features of central AChR function to
EtOMI toxicity and to phenomena such as tolerance, dependence and withdrawal
syndrome seizures, among others.

Regarding pyrazole and related compounds, we do not know, at this stage, the
relationship between their clinical benefit in alcoholics and pyrazolc/EtOll actions
"on the NMDA receptors. Taking into account that the adaptive mechanisms, e.g.,
receptor up-regulation, are present in chronic alcoholics, the prevention of EtOH
,toxicosis could aris from the blockade of excitatory receptor function. At the

b ' .concentrations used in clinics, pyrazole may induce a decrease in the NMDA

rcccrtor activation by competition for agonist recognition sites on the NMDA
receptor and concomitantly blocking the open state of the channels (FiG. 10).

On the other hand, the similarity of pyrazole and EtOll actions on NMDA
receptor function (activation and blockade) raised the Possihility of pharmncological

antagonism resulting from interactions and competition of thesc drugs at the NMDA
receptor site(s). In fact, preliminary experiments dcmonstrated that the inhibitory
effects of pyrazole on the NMDA channels could be partly reversed by EtO-[ at
concentrations that cause an increase of NMnA receptor activity. More complete
analysis of pyrazole-EtOlI, as well as pyrazole-NMDA interactions at the NMDA

* ' receptor-channel complex are presently underway in our laboratory. 4
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* SUMMARY

Bupivacaine and its quaternary derivative, bupivacaine methiodide, were studied on
acetylcholine (ACh)-activated single-channel currents recorded in myoballs from neo-
natal rat muscles using the patch-clamp techniquc. Under control conditions, the ACh-
induced channels had three conductance states, 10, 20, and 33 pS, at. a temperature of
10.. The intermediate conductance state (20 pS) was the most prevalent. Moreover, an

* excessive number of very short ev;ents was observed which contributed to a deviation of
the channel open-time distribution from a single-exponential function. At 20', the
amplitude of these currents was increased (Q,, - 1.4), and the mean channel open time
was decreased (Q4,, = 3). Bupivacaine and its quaternary derivative (5-50 uM), when
inside the patch micropipette with ACh, caused shortening of the channel open time, but
the single-channel conductance remained unchanged at all concentrations studied. In the

* presence of bupivacaiuie, there was a loss of voltage dependence of the mean channel
open time seen under control conditions; i.e., the shortening of the channel open time
was more pronounced at more negative potentials. The plot of the reciprocal of mean
channel open time versus bupivacaine concentration was linear. Similar effects were
observed when bupivtacaine was added to the bathing medium in both cell-attached and
inside-out patch conditions, but in this case the onset of the drug action occurred at a
later time and its potency was lower. Application of bupivacaine mothiodide via the

* bathing medium after the establishment of the gigaohm seals, however, had no effect on
the kinetics of ACh-activated single channels under both patch conditions (cell-attached
and inside-out). The patch-clamp results indicated that the charged form of bupivacaine
blocks the open state of ACh-activated ionic channels interacting with sites at the
extracellular segment of the ACh receptor-ionic charine! complex and creating a species
with little or no conductance. A seauential model can be used to explain the interactions

* of these noncompetitive antagonists of the ACh receptor-ionic channel complex with the
open channel. This interpretation of the action of bupivacaine and its quaternary
analogue as open channel blockers also was reached based on an analysis of macroscopic
events in nicotinic synapses of frog muscle.

INTRODUCTION producing accelerated and multiphasic EPC decays (2,
* In the preceding paper (1) we provided evidence that 3). In contrast, bupivacaine markedly shortened the de-

the local anesthetic bupivacaine blocks the ionic channel cay time constant of the EPC and the MEPC without
of the AChIt.. It is known that local anesthetics alter the changing the single-exponential nature of the decay
kinetics of ACh-induced conductance changes, thereby phase. Bupivacaine decreased the peak amplitude of

EPCs and MEPCs but had negligible effect upon the
This research was stupported by Uniized States Army Research and linearity of the current-voltage relationship. Accordingly,

Development Command Contract DAMD-17-81-C-1279. by Army Itc, the analysis of the ACh-induced fluctuations in the pres-
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ence of bupivacaine yielded single-component spectra Single-hiramqd curi-ent rrer~rdings. ACh-activated channel currents

which showed no change in channel conductance but a were recorded from myoibails using, the improved patch-clamnp tech-

sig.;ificant decrease in the mean channel lifetime. Ap- lliiue devckwwd 1t H-anxili ot iz (10t). Experiments were carried out ati

*parently, the effects of bupivacaine on the macroscopic 10' and at rum temrperature (201-22'). TIhe micropipettes were pitied

evets reconistntwit a eqental odl i whch in twvo stages ftý= microuheniatocrit capilia:y tubes (length =75 mu;l.
evens ae cnsitentwit a equntia moel n wich inner tljaasve - MI-1.2 mmi) using a vertical electrode 1pu~lc r (David

the drug molecule binds to the activated AChR, creating Kopf Instnuwnts). The toicropip~ette tip~s were heat-polished using a

a blocked state (1-71). mnicroforge irweb~ed in our laboratory, and their -hlanks were coated

The objective of the present paper was to study the with Sylgani Mae inner diameter (if t.he inicrop~ipette tip was about I

action of this rather novel local anesthetic, routinely puil and tir rcssta2nce rainged. trout 2 ito 6 Mohin wizen fillod with

*used for spinal anesthesia in humians, on the properties I lnks' siilazkL ACh sulutions. at concentrations varying fron (0.02 to

of ACh -activated single-channel currents. The direct 0.: ;Am. eit~lr a'ane or combiuned with bup~ivacaitie (5 50 1 Mwere

observation of these currents would allow us to clarify used to fitl de patch micropipiettes. Gigachin seals (5-20 gigaohnzl)

whether the decrease in the peak amplitude and short. were achiew-ibv pressing the oticropipette against thie cell surface and

ening of the decay timne constant seen in the niacroscopic by applying, a gentle suaction through the micropipette. liatch-clamnp

evens culdbe iscrne at he icrscox lvel Th re c ordin - prfornied either in cell-attached or in cell-free (iniside-

foe ecarried out single -chan nel current studies on out) ~~iiat- An L-M-EPC-5-patch clamp system (List.-Electronlics,

fyore, l we tue frm(oaa a uceui~gte Ws erm=:Tl was used to measure thle single-channel currenits. The

* myobailaicultuedhiqe fro n 1ona raesigt e musc es uingther potential insSde the patch mnicropipette (i.e., exterior of Ithe cell) was-
path-camptecniqe. e aso nvetigtedtheintr- clamped wa 2 4eired holding potential, which was expressed as I

action of the quaternary derivative of bupivacaine to iniraCCllullar pgelftial. 'Ihle sigecanlcurrents were low pas.s-

identify the a--tive form of the drug and to determine filtered to 14-'Iniz (second-order PRessel), and the data were stLored onl

whether or not there are 5ites for the local anesthetic FM inagnetic z=pe (Racal, 15 ilis, d~c.-5 KHz) fur computer anialysis.

binding at the intracellular segment of the AChR mnac- Anl auto~naieaaaiysisafpatchs-clainp) data devel -)ped in our laboratory

*romoiecule. wvas perfor~mei a POP 11/40 (Digital Equipment Corporation, May-
nard. Mas" ) skiconilluter with 28 K words of core memory. The data

MATERIALS AND mEvhODS Were Sent loi. t computer through a fourth -order Butterworth (low-

Cell culture. The procedure for inyoball rulturing was adapted front piass) filterli -3 KJIz) to improve the signal-to-noise ratio and digitized

thiat reported by Giller - ,at. (8) for miouse cells and described ia detail at 2 Kl-lz 14y LPS- I I (D~igital Eqjuipnient Corpioration) 12-bit ana-

by Akaike et al. (9). Briefly stated, the ccll- were cultured from hind logue-to-dk~iconverter. Th~e analysis provided the histogrnoms of the

limb muscles of I - to 2 day-old neonatal rats [DUB3 (SD) Dominiiion current ampiawdes and the channel open times. The method for

Lahoratoriesl, and the s-tudies were perfotrmed with I - to 2-week-old obitaininig opein iae is described in detail in alt earlier publication (9).

cultures. m mediately upon removal of Culture dishes fromit tile ii cu - B riefly siaie4 each file- was dividl'd into records oif 2048t poin t s and

hator, the nutrienrt medium was replaced byri nodil'ied lHanks' balanced thle basehizy-%. determined by tinumig the first local maxitnum in tile

sait solution with the folloywiing compo.sitif-rn (niili--olar(: NaCl, 1-37: nuiaber ofzercrossings. A channel w..s considered open whena idatuiT

KC;, 5.4: NaHCO,,, 4.2; Cad 2l, 1.3 lMgSO,, 0S.8 Na,11I'O,. 03-I: point execAed a set number of standard deviations from thle baseline

El I,1PO., 0.44; i-glucose. 55; 4-(2-lýIvdrox.vetbiyl)-lI-opel~razinieetiliane- Points in the -ecurd ;hen were scanned until the signal returnied to

sullouuic acid. 10. The phi of the FoILItion wats 7.2. and the 0nsnuilairily within a r'iv awmhmer of sta.4dard deviation., fronm the baseline. The

W.1' adijusted to 3-10 mosm with sucrose. lIIX. 0.3 umt, was added it)o undier ofst.-awiard deviationis was chosen ito represent abolut 50%,' ol

this solution to dectei se the spontaneous cell contractions. the uoitary acunactanc. '[lmis was considered a channel closure. It is

A -120 my -iem

*~" I� TrT~~'L1

7Ji

Fit.. 1. Samiples of ACJh -aci-woted susigle-clzntnel currents ret-crdi-d at III*

The recordinge were olbtai ned under i imisde -out connuit ions; t lI e mnicropillette contamis" 0.2 ju ACha. I fulding pot ecot ials were - 120 in V' A) and
10liX mV (11). a, h, and c reprreselt sanimplis (if chaouenel -oieit i .g eventi; with latg~er. intsedlIANt. atnd xsmaliet currenit atmliplitudeft, respiectiv Ay.

B~andwidth -I Klilz.
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fromthesinle-xroental istrbuton.sered or gien oncetraionof ~hproabl re
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superinmposed upon the intermediate current level (Fig.
HOLDING POTENTIAL (mV) 1). The total amplitude histograms obtained from inside-

-160 -120 -80 -40 +40 out records at -100 mV holding potential and tempera-
* ture of 20" provided values of 4.2, 2.7, and 1.6 pamp for

the amplitude of the larger, intermediate, and smaller

-1 current levels, respectively (Fig. 2). At 10" and -80 mV
oC holding potential, the amplitudes of these currents were
M -7reduced to 2.7, 1.8, and 0.9 pamp. F;gure 3 shows that
z the amplitude of both i!ý:ermediate .,nd larger channel
S> currents is linearly dependent on voltage. The extrapo-
T- lated reversal potential was close to 0 mV, and the slopes
4 of these plots provided the ACh channel conductance.

--4 o At 10" the conductances of the intermediate and largest
events were 20.0 and 33.3 pS, respectively; at 20" the
conductancLz of these events increased to 28.5 and 45.5
pS, therefore giving a Q,, of 1.4. The infrequent appear-

* /ance of the smallest events prevented the precise deter-
mination of the conductance, but its value was about 10

I pS at 10". All of these conductance states of ACh-induced
channel openings were abolished when the preparation

FtG. 3. Current-voltage reationship ofACh-actiuated single-channel was pretreated with a specific competitive blocker of the
currents ACh receptor, a-bungarotoxin.

The single-ciiannel currents.ere recorded from inside-out patches The same records seen in the Fig. I show a significant
• at 10" (0, "1) and 20" (0, a). The micropipette conitained 0.2 PM ACh. number of fast (<2 msec) events. In fact, at low temper-

Events with intermediate (0, 0)•lnd larger (0, E1 current amplitudes
were represented. Abcissa, holathg potential: ordinate, amplitude of ature (10"), the distribution of the channel open times
single-channel currents estimatedtrom 'he total -amplitude histograms, displayed a clear departure from the single-exponential

function as seen in the histograms presented in the Fig.
2. At 20, the channel open times were shortened and

•40 approached a single-exponential distribution (correlation
* r • coefficient r= 9.935). For example, at -120 mV holding
S30 potentiai,.the arithmetic means of channel open times
W • were 37.5 msec and 12.1 msec, respectively, at 10' and
1 20 .......... _______ 20', yielding a Qp of 3.1, which is close to the value
Z -previously reported for EPC decay time constant (2, 11,
t. 12). Figure 4 shows that the mean open time ot ACh-

activated channels depends exponentially on the mem-
z 101 .. brane potential. Therefore, tile rate constant for channel
< closing (kh-; see the previous paper (1) for a schematic

representation of AChR activation) is voltage-depend-
<z ent, as shown in inset A of Fig. 7. At holding potentials
'" of -80 and -120 mV, the values of k_, were 34.7 sec-'I L. - and 28.4 sec-', respectively, which gives an e-fold change

S140 -120 -100 - 8o l)0 per 200 mV. This voltage-dependency of k_2 is less
HOLDING POTENTIAL (mV) marked than that observed in chronically denervated

Fi.. 4. Concentration-dependent effect ul bupiuacaine on ntean adult frog muscles (see ref. 5 in the preceding paper (ref.
channel opena time at various holding potentials 1)), where h-2 shows an e-fold change per 85 mY.

Gigaohm scla were established with micropipettes filled with ACh Effect of bupivncaine applied with ACh through the
alone (0) and ACh (0.2 pM) combined with hupivacane, 5 p• (0). 10 inicropipette. Single-channel currents were recorded at a
AM (A), or 20 om (0) either in cell-attachled or inside-out. patches. mperature of 10" with a patch micropipette filled with

* Abcisxa, holding poltmtial; ordinate, mean channel open time, The
numbers in parentheses, under control conditions. represent numbers ACh (0.2 jM) and buprvacaine (5-50 uM). Under this
of different patches at a given potential. Temperature 10'. condition, bupivacaine caused a concentration-depend-

ent shortening of the channel open time, without chang.
a given membrane patch and agonist concentration, tile ing the single-channel current amplitude (Fig. 5). In
frequency of opening events increased with hyperpolari. contrast to observations with other local anesthetics, the
zation. abbreviation of the channel open times occurred without

In many records, either under cell-attached or inside- "bursting" (4). At -100 mV holding potential, bupiva-
out patch conditions, channel openings with three differ- caine (5, 10, 20, and 50 yM) decreased the mean channel
ent conductance states have been seen. The intermediate open time to 50, 40, 25, and 10%, respectively, of the
current level was the most prevalent and made up nearly control values (see Figs. 4 and 6). As observed with the
90% of the total recorded events. The larger and tile macroscopic events (1), in the presence of bupivacaine
,maller amplitude currents occurred either separately or there wat a loss of the voltage dependence of the mean
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A B C

~b

Fit.. 5. Samples of A Ch-activated single-channel current.s recorded in the prex'ence a( pitimcaine
Single-channel currents were recorded from inside-out (A and 11) and cell-attached Cl paches with micropipettes containing 0.2_ M ACh (A)

or 0.2 Mm ACh combined with bhvpivacaine. 10 pM (11) or 50 Mm (C). a anti b in It represn s.hmpkhs of intermediate and larger current levek,
respectively.

100 o100 10

ACh 0.2pM ACh 0.21p1 ACh 0.2ijM

II + -+
SUPIVACAINE 2018M EUPIVACAINE SOIM

Sol so

00

i l k

0.5 so 100 ISO 0.5 so IOU tIsi 0.5 so 100 ISO

CHANNEL OPEN TIME (mseC) CHANNEL OPEN TIME (m..d CHANNEL OPEN TIME (mstc)

Fir.. 6. Open-time histografnx of ACh-artivated single chantils in the absennce aed in the prewmeVe of bupivaraine
The histograms represent channel currents recorded from inside-out patches with pmpet.ts containing 0.2 jpM ACh alone (left) and 0.2 uM

ACh combined with hupivacaine, 20 mM (middle) or 50 gM (righit). nTe holding paterAW was -100 mV. The averages of channel open time,
estimated from the arithmetic mean of the total events analyzed, were 34.62.'1.V7, and 412 msi&c forcontroI and for 20 uM and 50 PM bupivacaine,
respectively.

channel open time seen under control conditions. The the voltage dependence of k1 t (1, 13), one can estimate
shortening of the channel open time was more pro- that bupivacine senses about 17.5% of the membrane
nounced at more hyperpolarized potentials, such as at potential a its rate-limiting energy barrier. The fre-
holding potentials of -80 mV and -120 mV, where quency of opening events gradually decreased in the
bupivacaine (20 Mm) decreased the mean channel open presence of bupivacaine (Table 1). Although a marked
time to 32.4% and 23.3% of the control values, respec- shortertiag of the channel open times was seen in the
tively (Fig. 4). The histograms of charnel open times presenceof a high concentration (50AtM) of bupivacaine,
could be fitted to a single-exponential function (correla- single-channel conductance remained unaltered. As
tion coefficient of 0.92-0.995), as opposed to a more shown in Fig. 8, in the pres-ence of bupivacaine th(
complex distribution seen under control conditions (Fig. current-valtage relationship remained linear, and the
6). The plot of reciprocal of mean channel open time reversal potential was at 0 mV.
versus concentration of bupivacaine showed a linear lFffect of hupivacaine application via the bathing solu-
relationship (Fig. 7). The slopes of these plots obtained tion. After the gigaohm seal was established with a mi.
at different potentials provided an estimate of the for- cropipette cimtaining only ACh, myoballs were exposed
ward rate constant for the blocking reaction (k:,), which to bupivacaine in a concentration range of 12.5-100 AiM.
is exponentially dependent on the voltage (Fig. 7, inset Under titis condition, the effects of bup-vacaine were
B). The values of k,, at -60 and -120 mV holding qualitatiwvy similar to those seen when the drug was
potentials were 3.6 x 10" and 4.75 X 10" sec' M -'. From applied tagether with the agonist through the patch
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40ý A single channels remained unchanged at all concentra-
30 Lions tested.

0.15 Effect of the quaternary derivative of bupivacaine on

I2 the ACh-activated chaninels. Whether the location of the
bhupivacaine binding site on the AChR is at the extracel-

E 'OLDING POTENTIAL (.'V) lular or intracellular surface of the cell membrane can
be revealed more clearly with bupivacaine methiodide, a

t- 0. 0 .A'quaternary derivative with a p~ermanent charge (see inset,
z Fig. 11). Moreover, this derivative would allow us to

determine whether the :liarged or uncharged form of
0 bupivacaine is responsible for the interactions with the

* sites at. the AChR. Indeed, the superfusion of bupivacaine
z
,<0.05 ment of the gigaohm seals did not affect the AChR either

~1 when the agent was applied from the extracellular (cell-
z '1 '- ~ attached patch) or cytoplasmic (inside-out patch) face of

24I the membrane. Even at a concentration of 100 um, this
-~21____________ compound neither changed the mean channel lifetime

* 140 -120 -1 00 -6 nor the conductance of the single channel. However, an
HOLDING POTE14TIAL (-VI immediate and marked shortening of the channel open

61'0 20 30 times was seen when this drug was applied together with
SUPIVACAINE CONCENTRATION (MM) ACII ii. ide the patch znicropipette. As shown in Fig. 11,

FIG. 7. Reciprocal of mean channel open time tersuA bupivacuine bupivacaine inethiodide, at concentrations of 20,uM and
cuncent ratio. onat various holding potentials. 50 tuM and at a l4olding potential -120 mV, decreased

* Holding potentials were -60 mV (0). - 80 mIV (W), -1ou mv (A) the mean channel open time to 35% and 10% of the
and -120 mV (0). Inslets reprerent the voltage dependence or the rate control values, respectively, immediately after the
constant for chnnnel closing (k-,), under control conditions (A). and gigaohm seal was achieved. The channel open times
the voltage dependence of the rate constant for blocking reactiou o,,) displayed the same voltage dependence as seen with the
in the presence of .5-20 umM bupivacnine (B), tertiary analogue; i.e., the shoytening of the mean chian-

nel lifeltixn. was more lpronounced at more hyperpolarized
* micropipettes. However, in both cell-attached and inside- potentials. The concentration-dependent decrease in

out patches, the onset of bupivacaine actioin was slower, mean channel open time is illustrated in the records
and after 60 min of drug superfusion the decrease it, displayed in Fig. 12. As observed with the tertiary com-
channel open time was less pronounced. Figure 9 illus- pound, the shortening of the open state of ACh channels
trates the concentration-dependent effect of bupivacaine occurred without any flickering activity. The frequei~cy
on the mean channel open time. After 60 min of exposure of channel openings was decreased progressively with
to 12.5 um bupivacaine, the mean channel open time timie of exposure to the drug (Table 1). As observed with

*decreased by 30%, whereas at 100 IuM the inean channel the parent analoguE, the conductance of the single chan-
open time was shortened by 80% of the control vnlue.Thie nels was not altered by bupivacaine methiodide.
"flickers." observed in some recordings uinder control DSUSO
conditions tended to disappear in the presence of bupi- DSUSO
vacaine, as seen in the records shown in the Fig. 10. The The myoballs from neonatal rats used for patch-clamp
frequency of opening events was progressively decreased studies responded to ACh (0.02-0.3 pm) by activation of

* by the drug (Table 1). whereas the conductance of the channels to yield different open states. An excessive

TAII.F. I
Effect (if bupivacaine and bupivacaicae metltiodide an the fre.que-ncy (If ACh-activated channel opening events

The frequency in A was exproised as the percentage of the initial frequency (Istmnin after establishment of the gigiaolunseal) and in 13 as the
percentage of the frequency undler control conditions (i.e., wi III only ACIId.

Conditions %of i,,itil frequency at drug concentrat inns ef

W______ 1pm 20.mM 50I.M 100puM

A. Drug irside thle Ioicropilpette'
l3upivanc~ine 5,1)% (.10 Iilla~), 22% (20 mmi) 10% (20 inin)
litlopharaine :Inetliiodide 10"" (.10 Join) 20% (20 mini) 20% (10 mfinl)

1). Drug in bath superfmieinn
* Jupivacaine - - - 35% (30 min)

15% (6GO min)

'ACh, 0.2,uM, combined with the drug inside the patch mnic-ropipiettes.
"I'm after establishment of the gigaohnt secli.
'Tiine after starting superfusion of the drug.
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or to a distinct open state of the same channel. At 20"
HOLDING POTrENTIAL (mV) the mean channel open time is abbreviated by almost 3

-160 -120 -80 -40 +40 times in comparison to the values obtained at 106. At the
higher temperature (20°) the distribution of the channel
open times approached a single exponential, probably
because of a loss of detectionw of the very fast events at
the same bandwidth filtering..ln addition, single-channel

-1current recordings showed that ACh-activated channels
-M open with three different conductances. The events with
Z intermediate conductance (20 pS, at 10') were the most
> prevalent- In a previous report, Hamill and Sakmann
- (17) ohserved the low conductance state (-lOpS) only

after the opening of the channels with larger conduct-
ance. In our records, these three different current levels
occurred either as independent events or superimposed
in all possible combinations. Our findings are similar to
those reported by Akaike et aL. (9) for ACh-activated
channels as well as by Trautmann (18), who used curare

-- as an agonist. In frog adult muscle fibers, patch-clamp
studies have revealed only two conductance states (20
and 32 pS) for ACh-activated channels.' The rare occur-
rence of the lowest and highest conducting states (10 and

Fir.. 8. Current-tvoltage relationship of ACh-activated channel cur- 33.3 pS, at 10") precluded a systematic analysis of the
rents in the absence and in the presence of bupivacaine significance of their appearance or of the functional

Single-channel currents were recorded from inside-out patches with properties of the channels. One could hypothesize that,
pipettes filled with 0.2 pM ACh alone (0) and combined with 20 m p t the l cul a elhs.One couldihypothez tha
bupivacaine (0). Ahcissa. holding potential; ordinate. channel current at the molecuLar level, the subunits comprising the AChR
amplitude. could rearrange to yield different open states depending

on factors, such as composition and organization of the
lipid membrane. An alternative hypothesis based on the

num.)er of fast channel opening events (<2 msec) re- frequent appearance of either the larger or of the smaller
corded at !0° and at a bandwidth of I KHz appears to current kvels superimposed upon the prevalent inter
account for the deviation of the channel open time dis- mediate current level could be that these events reflect
tribution from the single-extonential function. Similar different states of conductance of the same channel. An
findings have been reported for several preparations, additional qutestion is how these various conductance
such as rat muscle cells (14), human muscle cells (15) in :;tates are correlated to the different kinetics of channel
culture, and also for reconstituted AChR in lipid bilayers activation which produce a complex distribution of the
(16). It is difficult to discern whether these fast events channel open times. We have observed that, in compar-
seen under control conditions are related to a distinct
population of channels with different kinetic properties 'C. N. Aflen. A. Akaike, and E. X. Albuquerque. unpublished results
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Fi.n 9. Channel open.time h istograms of ACh -actialMed channels in the uhsenee wd in the pwf,,nse of bitpi•aenine applied via bathing solujic
Histograms were obtained from single-channel currents weorded with micrcqspetti cmntaining 0.1 fAM ACh before (A) and after 60-mi

expomUre to Im.pivacaine, '2.5 mm (it) and 100 pM (C). The mean channel open time ecimaited from the arithmetic mean were 48.63 msec (A
23.9A rnm.ec (). and 9 05 msec (C). A and C represent channel currents from inside-elt patches and It from a cell-attached pliatch. The holdit

i;et~tclial wi4s -120 niV.
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A B C
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Fic. 10. Samples of ACh-activated singlcchannel currents recorded in the absence Cand in the presence of bupivacaine applied through the
bathing medium

Single-channel currents were recorded from cell-attached patches with pipettes cuntaining 0.05 gAM ACh before (A) and after exposure of the
m~oballs to 100 siM bupivacaine for 20 nin (B) and 40 min (C).

100 100 100
ACh 0.2jjM ACh O.21jM ACh 0.2pM

+ +

IUPIVACAINE METHIOOIOE 2OpM SUPIVACAINE METHIODIDE 5OyM

Ct 50' " so- ir so-
< -,

000

0.5 50 100 1SO 0.5 5,o too tso 0., SO 1)o 0 1o
CHANNEL OPEN TIME (maee) CHANNEL OPEN TIME (moec) CHANNEL OPEN TIME (maee)

Fic. 11. Channel open-time histograms in the absence and in the presence of a quaternary derivatiue, bupivacaine methiodide.
Histograms represent single-channel currents recurded from cell-attached patches with micropipettes filled with 0.2 om ACh alone (left) and

0.2 uM ACh combined with bupivacaine methiodide, 20 um (middle) or 5 0MM (rright). The averages of channel open times estimated from the
arithmetic mean were 40.38 insec (control) at a holding potential of -100 mV and 9.26 msec and 3.6 msec (20 pM and 50 pam bupivacaine
methiodide, respectively) at a holding potential of - 120 mV. Inset, Chemical structure of bupivacaine methiodide.

ison to the intermediate current level, the higbhst con- with agents such as pyridostigmine (9) and other local
ductance state seems to have shorter lifetime. For ex- anesthetics (e.g., QX-222) were not observed. Instead,
ample, in one experiment in which the number of larger widely spaced short opening events appeared in the pres-
events was frequent enough to be analyzed, at a -140 ence ofbupivacaine. In the sequential model (3-6) shown
mV holding potential and a temperature of 10, for the in the accompanying paper (1), the rate constant (-- 3 )
events with current amplitude of 2.7 and 4.2 pamp the for the unblocking reaction may be very small, and
mean channel open times were 32.8 and 18.3 msec, consequently the channels are kept in the blocked stite
respectively. All of these questions could be addressed for long periods. These blocked periods between 3' ort
more precisely if a given patch of membrane contained opening events cannot be distinguished from those in
only one active AChR. Such a goal perhaps can be which the channels are in the closed state. If one assumes
achieved by recording a single channel in reconstituted h:l>*s kh- in the presence of bupivacaine, the channel open
membranes (16). time is given by 1/(h.- + [D] k,), and the reciprocal of

Patch-clamp studies demonstrated that bupivacaine channel open times is expected to be linearly related to
abbreviates the open state of ACh-activated channels the drug concentration. Such a linear relationship is seen
without changing the single-channel conductance. The in Fig. 7 for bupivacaine concentrations up to 20 jaM.
distribution of the channel open times approximated a These findings are in agreement with those of Ikeda et
single exponential, in contrast to that seen under control al. (1), where the action of hupivacaine on the EPC and
conditions at 10" (Fig. 6). The flickers that appeared MEPC decays were adequately described by a single-
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Firc. 12. Traces of ACh-activnted channel currents recorded in the absence and in the prt.nce of bupitacaine met hi,•dide
Recors of %ingle-channel currents from cell-attached patches with pipet.es containing 0.2 pm ACh alone (A) and combined with biipivacaine

inethiodide, 10 pM (B1 and 50 pm (C).

exponential function. In contrast, QX-222, which in- channel opening events is due to a prolonged blockade
duces bursting activity during the single-channel open of the open channel.
state, yields multiple !xponentials in the decay of mac- The selective application of agents to either side of the
roscopic currents (2-4). In some records, when flickers cell membrane, as allowed by the patch-clamp technique
were seen tinder control conditions, applcation of bupi- (10, 22), provided a definitive answer to the question
vacaine caused the disappearance of flickering, and only concerning the. location of the binding sites and the drug
events with short open times were discerned. If this access tc these sites. In comparison to bath application,
flickering-like activity is related to fast transitions be- an immediate and more marked effect on the properties
tween the closed and open states of ACh channels during of ACh-activated channels was seen when bupivacaine,
a single occupancy of the agonist receptor (19), the combined with ACh insidethe micropipette, was in direct
disappearance of these flickers could result from the contact with the extracellular surface of the myoballs,
abbreviation of the open state of AChR in the presence suggesting an externally located binding site for this
of the anesthetic. In addition to the effects on the channel anesthetic at the AChR. Indeed, the analysis of the
open time, bupivacaine decreased the frequency of chan- influence of the voltage on the forward rate constant (k1)
nel-opening events in a concentration -derendent man- of the blocking reaction allows an estimation of the
ner. This decrease could result either from the blockade apparent location of the bupivacaine binding site. In rat
of the open channel or from the interactions of bupiva- myoballs, bupivacaine senses about 17.5% of the mem-
caine with sites in the closed state (i.e., prior to the brane potential at its rate-limiting energy barrier. In frog
channel opening). The latter possibility is not very likely neuromusular junction, a maximal value of m1% was
in light of the findings that, in contrast to bupivacaine, obtained from the macroscopic event measurements (1),
drugs such as meproadifen, which act mainly on the which may..at be discrepant considering the amber of
channel before opening, caused a marked decrease in the transformations required to obtain this estimate and the

fact that two different biological preparations were used.frequency of channel opening without changing eiiher A similar superficial binding site has been proposed for
the mean channel open time or the single-channel con- drugs such as phencyclidine methiodide and piperocaine
ductance (20). Moreover, these drugs cause an increase methiodide (23), and gephyrotoxin (24). In contrast, the
in the affinity of the agonist for its binding site and at binding site for the local anesthetics procaine and QX-
the macroscopic level produce a significant time- and 222 seems to be more deeply located at the AChR (4, 5).
voltage-dependent depression of the peak EPC amplitude The delay in the appearance of the effects and the
(21), effects which were not observed in the presence of reduced potency of bupivacaine seen when this agent was
hupivacaine (1). It also could be argued that some of the superfused via a bathing medium suggest the existence
decrease in channel frequency observed in the presence of some barrier for the drug access. Most likely, diffusion
of bupivacaine could be accounted for by an abbreviation through the lipid phase of the cell membrane accounts
of the channel lifetimes to a point where they cannot be frr this behotvior, since passage through the pipette-
detected because of the limits imposed on the recording membrane gigaohm seal is improiuable /9, 10), and dif-
system by the filtering bandwidth of 1-3 KHz. However, fusion through the ACh-ictivated channels may be lim-
bupivacaine caused an immediate shortening of the chan- ited by the siw of the drvg molecules and other factors
nel open times which remained constant during pro- (25). Bupivacaine has a pF.. of 8.1. Thus, protonated
longed exposure to the drug while the frequency of chan- bupivacaine, the predominant form at pH 7.2 in which
nel opening continued to decli.ie over the same period, the experiments were done, would appear to be respon-
It seems more likely that the decrease in frequency of sible for the drug action at the nicotinic AChR. This was
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CHAPTER 12

Structure-activity relationships
of (+ )anatoxin-a derivatives and enantiomers
of nicotine on tile peripheral and central
nicotinic acetylcholine receptor subtypes

Y. ARACAVA 1 2, K.L. SWANSON , R. ROZENTAL1'
2 AND E.X. ALBUQUERQUE .

'Department of Pharmacology and Experimental Therapeutics.
"University of Maryland School of Medicine, 655 W. Baltimore St.,
Baltimore MD 21201, U.S.A.; and : Molecular Pharmacology Training Program,
Institute of Biophysics 'Carlos Chagas Filho, Federal University of Rio de Janeiro,
liha do Fund~o, CEP 2194, RI, Brazil

Introduction

The nicotinic acetylcholine receptor-ion channel complex (AChR) of vertebrate
muscle and Torpedo clectroplax has been subjected to numerous studies which have
contributed to the understanding of its structure and function [1-31. The potency of
a nicotinic agonist in muscle is usually evaluated by the force of contracture induced
by a given concentration of the agent. At the molecular level, the potency can be
assessed by studying binding affinity, frequency of channel openings, duration of
the open state of the channels and/or single channel conductance. It has been
observed that single conductance is not influenced by the agonist's structure, since
many agonists with varied potencies exhibit similar channel conductance values [4).
On the other hand, the duration of the channel open state and the frequency of
channel activation showed great variations among agonists 15-71. We have invcsti-
gated the dynamics of ion chaimel activation initiated by agonist-reccp:or initerac-
tion, by studying structure-activity relationships involving both agonist potency
and channel kinetics. Although considerable information may be gained about
receptor sites based on structure-activity studies with antagonists. questions might
be raised regarding the degree to which agonist and antagonist sites overlap.
Therefore studies using agonists may be preferable. Among agonists, the least
flexible molecules would be the most useful tools for describing the receptor binding

• sites, since the rigidity of molecules such as (+)anatoxin-a would limit the number
of possible conformations.

"In early 1975, Carnichael and Carmichael and collaborators [8.91 described the
pharmacology and the toxicology of the toxin produced by the blue-green algae
from freshwater Anabaena flos-aquat. The toxic principle named anatoxin-a (Fig. 1)
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FIG I Stereochemistry of nicotinic agonists and antagonists. The two naturally occurring
compounds. (+)anatoxin-a and (-)nicotine, are the more potent agonists. All of these
compounds except anatoxin demonstrate antagonist properties.

was identified as a potent nicotinic agonist with potency much higher than that of
the natural transmitter [7,10]. This toxin is a secondary amine with the nitrogen in a
bicyclic ring system and the toxin has a ccnjugated enone, both of which confer
some rigidity to the molecule. The natural toxin is the (+) isomer and it has also
been obtained by partially synthetic means [11,121. (-)Anatoxin-a was also synthe-
sized in optically pure torm [131. biochemical and electrophysiological analysis
showed a high stereospecificity of the acetylcholine (ACh) recognition site at the
nicotinic ACh receptor for the (+) isomer of anatoxin-a. Moreover, anatoxin-a has
been shown to be highly specific for the nicotinic AChR compared to muscarinic 4
cholinergic receptors in the brain [14]. Because of these pharmacological characteris-
tics and owing to the molecular rigidity and small size (mol. wt. - 166) and its
immunity to cholinesterase hydrolysis, (+)anatoxin-, -.erves a ar excellent
pharmacological probe for chemical manipulations. lrherefore, analogues of
(+ )anatoxin-a have been synthesized with systematic modifications and assayed for
agonist potency, channel activation kinetics and channel blocking properties using
binding assays and electrophysiological analysis. The initial inspection of some of
the related compounds has shown that the structural and geometric requirements
postulated in the Beers and Reich model [15) do not suffice to explain their relative
binding affinity and agonist potency. The high stereospecificity of an agonist such
as that exhibited by (+)anatoxin-a at the muscle AChR means that at least three
groups must be important.

Also, in this paper, we address the actions of nicotine enantiomers on the muscle
AChRs. The actions of nicotine, naturally occurring as the (+) isomer, have been
the object of numerous studies since its isolation from leaves of tobacco Nicotiana
tabacum in 1828 and more specifically after the demonstration of its site of action
on the autonomic ganglion in 1889 [16]. Although the comparative actions and
toxicity of ( +) and (-)nicotine have been studied for many decades, the results are "
still somewhat controversial in part because of the lack of detailed quantitative .
kinetic analysis. Another aspect of this controversy arose from the difficulty of
obtaining highly purified optical isomers. Whereas (-)nicotine was obtained from
natural sources, (+ )nicotine was obtained either by resolution of a racemtc mixture
or by synthesis from optically pure ( + )nornicotine obtained from Duboisia hopwoodii

+._ .- +-+ + . - -.
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[17]. In the present study, we analysed the actions of highly purified nicotine
erantiomers (98% purity) of synthetic origin. Because nicotine enantiomers are
much less stereospl.-cific than anatoxin-a (indeed nicotine isomers are even equiac-
tive according to some authors), two-point interaction may sulfice for most of its:
action at the muscle or Torpedo ACh site. Single channel recordings of muscle.
AChR showed that both (+) and (-)nicotine actions includc agonistic actions'
followed by AChR blockade via desensitization. Our data also disclosed other types
of blockade which would include competitive blockade and noncompetitive
antagonism via interactions with sites at the ion channel in different states.

Nicotinic receptors of the parasympathetic ganglia and central nervous system
(CNS) receptors [17-191 have shown a greater degree of stereospecificity using
nicotine stereoisomers as compared to the muscle endplate. Although previous
studies have shown some similarity between brain and muscle AChR. pharmacologi-
cally, at the CNS, one can identify several binding sites 129-231. One of them
strongly interacts with a-bungarotoxin (BGT) and the other is a high aifinity site
probed by (-)nicotine. In the mammalian brain, the (- )nicotine site seems to be
correlated to the ACh binding site whereas the functional significance of the a-BGT
site remains controversial because this toxin often fails to block nicotinic stimula-
tion [24]. (+ )Anatoxin.a seems to compete for the high affinity (-)nicotine binding
site whereas another toxin named methyllycaconitine, found in the seeds of the
plant Delphinium brown ii, is more effective at the a-BGT site [251. Therefore, using
(+)anatoxin-a and ACh as agonists, single channel recordings were performed on
neurons cultured from the hippocampus and the medulla of the fetal rat brain. We
have used ( + )anatoxin-a to characterize the kinetics of the single channel currents
activated at AChRs located in the CNS. Being a secondary amine and because of its
high agonist potency and specificity for nicotinic AChR, this toxin is better suited
than the natural transmitter or even (- )nicotine for the CNS studies [14,15).

Material and methods

Neuron culture
Hippocampal and brain stem medullary neurons were obtained in culture from
Sprague-Dawley rat embryos using the methods described by Banker and Cowan
'26,27]. Briefly, 16- to 18-day pregnant rats were killed by CO, narcosis and cervical
dislocation and the forebrains and brain stems removed and maintained in cold
physiological solution with the following composition (mM): NaCl 140, KCI 5.4,
Na 2 HPO, 0.32. KH 2 PO4 0.22, glucose 25 and N-2-hydroxyethylpiperazine-N'-2-
ethan'sulfonic acid (Hepes) 20, and pH of 7.3. The osmolarity was adjusted to 325
mosM with sucrose. Neurones were enz)..,,tically dissociated from the hippocam-
pus or portions of the medulla extending rostral to the obex and were cultured
according to a procedure described elsewhere [281. Mostly pyramidal cells were
present in hippocampal cultures since granule cells were not yet present at the
prenatal stage of the rats [27]. Cultures from the medulla contained neurons from
the dorsal and ventral respiratory groups chiefly associated with inspiration and
expiration, respectively, and included nucleus ambiguous and the nucleus tractus
solitarius [29]. Neurons in the reticular formation of the medulla have been shown
to respond to iontophoretic application of ACh [30]. The cells in the brain stem
culture were either pyramidal. fusiform or spherical [311.
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Single muscle fibres 0
Single fibres were enzymatically isolated from interosseai and lumbricalis muscles of
the longest toe of hind legs from the frog Rana pipiens. The procedure for enzymatic
dissociation of the single fibres was previously described [321. The isolated fibres
were kept in a dish containing frog Ringer's solution with 0.2-0.4 mg/ml bovine
serum albumin and stored at 2-50C prior to experiments. An adhesive mixture
composed of parafilm (30%) and paraffin oil (70%) was used to immob;lize the
single muscle fibres on the bottom of the miniature recording chamber. Composi-
tion of the physiological bathing solution was (mM): NaCI 115; KCI 2.5: CaCI, 1.8;
Hepes 3.0, and pH of 7.2. Tetrodotoxin (0.3 AM) was present in all solutions used to
prevent muscle fibre contraction.

Single channel recordings and analysis
Single channel recordings were made using the patch clamp technique developed by
Hamill et al. (331. Micropipettes were pulled on two stages from borosilicate

capillary glass (World Precision Instruments, Inc.) using a vertical electrode puller

(Narishige Scienfific Instruments Lab.. Japan) and the tips of the pipettes were
heat-polished using a microforge (also from Narishige). Further details are described
elsewhere [33,341.

Recordings were obtained from the junctional and perijunctional region of the
musclc fibre under cell-attached patch conditions using pipettes filled with solution
containing ACh (0.4 MM) either alone (control) or combined with various concentra-
tions of the drug being studied. To test the agonistic properties, patch pipettes were
filled with different concentrations of the drug alone. A similar procedure was
adopted for CNS recordings. All recordings were made at 10* C.

Single channel currents were recorded at various holding potentials with an
LM-EPC-7 patch clamp system (List-Electronic, Darmstadt, West Germany). The
data were filtered at 3 kHz with an 8-pole Bessel filter and stored on an FM
magnetic tape recorder (Racal, 7.5 ips, DC-5 kHz). A PDP 11/40 and 11/24
minicomputers (Digital Equipment Corp.) or an IBM-AT microcomputer were used
for data acquisition, detection and analysis of single channel currents digitized at
12.5 kHz and provided channel amplitude ar.d open. burst and closed time histo-
grams (7,351. A channel was considered open when the current increased more than •
80% of the mean estimated channel amplitude and the open time was defined as the
duration of an open event (channel open times) terminated by a closing transition
detected by a decrease in current amplitude to below 50% of the unitary channel
amplitude. A burst was defined as either a single opening or a group of openings
separated from adjacent openings by a given closed interval determined by the
characteristics of the recorded currents. To have the best estimate of this interburst
closed time delimiter, the histogram of all closed times was initially examined. Due
to the characteristics of the channel activation, the total closed time distribution was
composed of two distinct components. The fast phase, representing intraburst
closures, wns fitted to an exponential function and the Y( obtained. A value of 10
times r, was used to discriminate consecutive bursts. Therefore, fast closed time
histograms included only the short closures (intraburst gaps) with durations briefer
than the chosen interburst off time delimiter. Bursts containing multiple simulta-
neous events, which usually constituted less than 5% of the total number of events,
were excluded from calculations of open and burst durations.

.l0
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Resting membranie potential was not routinely measured for cach fibre used in
patch-clamp recordings. Hiowever, ,'he fibres used had a membrane potential rang-
ing bctween - 50 and -70 nmV. Membrane potential was determined indirectly
bascd on the conductane values obtained from the current amplitude-pipctte
potential relationship, no correcttoa was made regarding reversal potential since its
values usually were around - 2 mV [361.

Results and discussion

Nicotine optical isome.'s

Agonist properties~
The initial inspection of the effects of ( +) and (- )nicotine (see structures in Fig. 1)
on the muscle properties showed that both stercoisomers had a weak agonistic effcct
as measured by the membrane depolarization and musice contracture. Under
control conditions, the frog sartorius muscle usually had membrane potentials of
- 96 ± 2 mV. After an equilibration period of 60 min (cotntrol - 100%), a single
concentration of a nicotine ster.-oisomer was aiided and kept in the bath by
continuous superfusion for 60 min. Measurement of encipate potential at S-rrin
intervals during this period revealed depolarization; (+ )nicotine was about 10-fold
less effective than the (-) isomer. Equirnolar concentratiorts (20 jiM) of (-) and
(+ )nicotine produced maximal depolarizations of 30% andw 10% from the resting
potc. !:al, respectively. At 20 AiM (- )nicotine and 200 jiM (+)nicotine, i.e. roughly
equipmtent concentrations, the time necessary to reach maximum depolarization
(30%) was about 10 min. Spontaneous repolarization occmred thereafter such that
by 60 mm~i ofl exposure to either stercoisomer, regardless of the concentration or the
maximuin depolarization reached, the membrane potential recovered to a similar
level (90% of the control valucs). After a I It wash, recove~y of memabrane potential
was nearly complete.

Agonistic potency of nicotine stercoisoniers was assayrd by measurement of
contracture tension of the rectus abdominis muscle of the frog Rar~apipiens (Fig. 2).
The contracture potency of (-)nicotine was similar to that produced by carba-
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FIG 2 Potency assay of nicotine siceroisoniers using rectus zbdosuissis coatractuwe. By
direct comparison, the contracture potency of carbachol and the =aurztl isomer (- )nicotine
were similar. In contrast. syr~thctic (+)nicouine was 8-tii..,cs less Poo= than (-)nicotine.
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FIG 3 Inhibition of twitch by (+)nicotine. The sartorius muscle was stimulated indirectly
via the sciatic nerve at a frequency of 0.2 Hz-. The twitch tension (as % of control) was plotted
as a function of time and recorded in the piresence of 40 and 80 AM (+)nicotine. At 30 min.
washing of the preparation with normal physiological solution was begun.

mylcholine; (+)nicotine, in contrast, was about 8-times less potent than (-)nico-
tine. The ED50 values obtained for the alkaloid and its synthetic (+) isomer
(maximum contracture value determined with 100 mM KCI) were 23 AM and 130
MM. respectively, compared to the ED50 of 15 AM carbamylcholine. It is possible
that the potency to produce contracture was reduced by the simultaneous blocking
actions of both isomers.

Recordings of the indirectly elicited muscle twitches obtained at high doses of
(+) and (-)nicotine showed blocking actions of both isomers. A slight, transient
increase in resting tension followed by a clear blockade of the twitch tension was
observed. Twitch tension was reduced in a concentration-dependent manner, the
(-) isomer being more potent such that at 10 AM a significant blockade could be
observed. In comparison. (+)nicotine exhibited a similar effect only at a dose of 40
AM (Fig. 3). Also. the establishment of the blockade was much slower in the
presence of (-+ )nicotine. Regardless of the isomer used. this blockade only partially
recovered upon extensive washin- (Fig. 3).

Kinetics of currents activated by ( + ) and ( - )nicotine
Patch clamp recordings of single channel currents are very useful to evaluate the
kinetics of channel activation. In addition, due to the collagenase-protease treat-
ment. our single fiber preparation had no cholinesterase activity and consisted only
of the postsynaptic portions of the cndplate. and therefore were very well suit "d to
agonist assessment. Perijunctional AChRs were activated by various concentrations
of either (+) or (-)nicotine present inside the patch pipettes. Single channel
cur-ents were recorded under the cell-attached patch configuration. Both (- )nico-
tine (1 and 25 AM) and (+)nicotine (10 and 50 AM) induced openings with
increased fast flickerii.gs during the open state of the channels as compared to
ACh-activated currents (Fig. 4). It has been well documented thi,. ACh (0.4 MM)
activates square-wave currents with very few flickers (fast closures), the number of
which is neither concentration nor voltage dependent (Fig. 4, see Refs. 7, 32. 37. 38).
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F!G 4 Single channel activation by ACh. (-)rucouine and (+).ucotine. AChRs. were
activated by agonist inside the patch pipette. recordings were made from cell attached
patc.11cs.

Therefore. the presencz of a few flickcrs during the open state resulted in a slightly
Shlonger burst duration (Fig. 4). giving a burst time,/intraburst total open time ratio

O)f 1.1-1.2. On the other hand. both nicotine isomers increased this ratio, and this
increase was enhanced by hyperpotarization. Increasing concentrations of either
nicotine isomer increased the number of openings per burs. However. as the
frequency of bursts increased with the agonist concentration, the accuracy in the
measurement of this parameter became poorer because the burst became progres-
'i'elv more difficult to discriminate. Although the number of intraburst closures
'.'V% concentrration- and voltage-dependent, the duration of these closures did not
,60w .i Clear dependence on these two (actors.

\nalysis of the open and burst durations found that fort -)ucotine both kinetic
waracm were significantly shorter compared tw ACh-dcivated currents (Fig. 5).

()pen .and hurst times ol the channels activated bv I and 10 #sM concentrations of
,-nicotlin had similar values. As has been reported [32.391 and is shown in Fig. 5.
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FIG S Kinetics of nicotinic activation of AChR. From I to 10 jsM (-)or ( + )nicotine. the
durations of channel openings were similar, although in both cases shorter than those of ACh.
Channel openings were separated by brief closures, whose durations (0.1 to 0.2 ms) did not
have a clear voltage dependence. This decreases the open time/burst time ratio. There was a
slight decrease in the open time between I and 10 uaM (- )nicotine. For ( l)nicotine the open
time was even shorter at 10 to 20 AM.

the currents activated by ACh had longer open and burst times at more hyper-
polarized potentials. Fig. 5 also shows that whereas nicotine-induced burst times
maintained a similar voltage dependence to those disclosed by ACh-activated
currents, the open times showed a lower sensitivity to voltage variations. Because
(-)nicotine, at 25 pM or higher, significantly decreased the open times without
changing the burst length (Fig. 5), this shortening occurred by virtue of a large
increase in the number of the intraburst flickers. This alteration suggested a
blockade of the open state in a manner predicted by the sequential model.

With (+)nicotine, higher concentrations (10-20 jxM) were needed to unveil its
agonist activity (Figs. 4 and 5). In this concentration range, blocking effects were
clearly apparent such that the mean duration of the intraburst openings was
progressively shortened with increasing concentrations of (+ )nicotine (Fig. 5). Burst
durations were only slightly shorter than ACh-induced bursts but did not show a
clear dependence on (+)nicotine concentration. This pattern was, therefore, accom-
panied by a significant increase in the number of flickers in the burst. Similar to
(- )nicotine. the duration of the fast intraburst closures was neither voltage- nor
concentration-dependent. In conclusion, it seemed that both (-) and (+ )nicotine
produced blocking effects at concentrations used to test the agonist property.



165

Nicotine.100 ,•M

03

04

05 IIE'J ii'NINlI

077 i•ii

10

I I1

12
13 -- _ _ _ ' - -

14

15

* 16

17 -

18

20lillY R-

21

22
23

24

25* 6 pAL._

ZOO msec

FIG 6 Desensitization. The clustered pattern of channel activity at high concentrations of
(- )nicotine was typical of desensitizing agonist conccntrations. The single channel currents
are from a cell-attached patch at a holding m:mbrane potential of - 140 mV.

* In addition, high concentrations (> 100 AM) of both nicotine cnantiomers
induced AChR desensitization. Long clusters of openings separated by long silent
periods (second to minute range) could be recorded (Fig. 6). The individual
openings within the clusters were very fast. such that they could not be adequately
detected by our recording system and the amplitude of the events seemed reduced.
This pattern was distinct from that observed for ACh and (+)anatoxin-a (see Fig.

* 11 and Ref. 40) that showed agonist and desensitizing actions at submicromolar and

0l

0:
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low micromolar concentrations, respectively, whereas the channel blocking action of
ACh only took place at a muc, higher range (> 30 pM). Therefore, in contrast to
nicotine, with these potent agonists the duration and the amplitude of the events
within the clusters were not significantly different from those recorded at low
concentrations.

Effects of ( + ) and ( - )nicotine and single channel currents activated in the presence of
A Ch
The probability of channel blockade was tested on the currents activated in the
presence of a fixed concentration of ACh (0.4 pM) and a range of (+) or
(-)nicotine concentrations. At I to 20 p.M, the openings observed in the presence
of either nicotine enantiomer had flickers during the open state of the channels (Fig.
7). The number of flickers increased with the concentration of either nicotine
isomer. This effect was more prominent with (+)nicotine (Fig. 8). With tne (+)
isomer, the mean channel open times were shortened in a concentration- and
voltage-dependent manner (Fig. 9). The shortening of the mean open times were
more pronounced at more hyperpolarized potentials. Mean burst times were not
significantly different from the control condition, i.e. ACh alone. The shortening of
the mean open times occurred by virtue of an increasing amount of flickering.
Therefore, a marked increase in the frequency of flickers was observed with
increasing (+)nicotine concentration and with hyperpolarization of the membrane.
This pattern was also observed when this isomer was tested alone inside the patch
pipette in the agonist experiments !Fi,. 4). It should be noted, however, that
(+)nicotine produced these alterations at concentrations Iowcr than those utilized
to unveil its agonistic property.

Compared to the (+) isomer, (- )nicotine induced lesser flickering, because open
times and burst times were both decreased with increasing (-)nicotine concentra-
tions (Fig. 8). Voltage-dependence was not clearly discerned !or open or burst times
with (-)nicotine, a pattern also observed when this isomer was tested alone, i.e.
without ACh (Figs. 4 and 5).

The results of single channel studies were interpreted according to the sequential
channel blocking model previously used to describe the blocking actions of local
anesthetics (QX222 (411), anticholinesterase agents (neostigmine, pyridostigmine
and edrophonium (401), cholinesterase reactivators (2-PAM and HI-6 (361):

k, k, 0 k,
2A + R -, AR i.a A2R* =*A 1RD

k-, * k-, D k-,.

In this sequential set of reactions shown above, the AChR designated simply as R.
interacts with two molecules of agonist (A) originating an intermediate, doubly
agonist-bound closed conformation which in its turn shifted to the open channel
state (A R*). In this model, the open AChRs are subjected to blockade by either
nicotine enantiomers, indicated by D. leading to the formation of a state with no
conductance (AChR* D).

With (+)nicotine, the mean open times were reduced in a voltage-dependent
manner, i.e., the blocking effect was faster at hyperpolarized potentials, with a
gradual reduction in the voltage pattern of the ACh-activated currents and even an
inversion of the slope of the plots (Figs. 5 and 9). According to the model, this
voltage-dependent profile of the blocking effect results from the contribution of the
two rate constants, k.z controlling the normal closure (i.e., in the absence of
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FIG 7 Samples of ACh-activatcd single channel currents recorded from frog interosseal
muscle fiber;. Top: ACli alone. middle: ACh plus 20 ItM (- )nicofim in the patch pipette.
bottom: ACh p!us 20 uM (+ )nicohine. Temperature: 10 *C.

blocker) and k, which governs the rate of the blocking mectiort. These rate
constants have opposing voltage-dcpcndcncc Thc coniributiat of k3 to the open
times is amplified by the drug concentration thus acceleratinig channel blockade and
shortening of the open times at more hypcrpolarized potcntials.The analysis of the
duration of the intraburst closures showed that they were 260ther voltage- nor
concentration-dependent in coaitrast to many open channel blocers. f36.42-441.
Also, the burst duration should theoretically be prolonged with ceoentration as the
number of flickers increased with higher doses of the drug. Howlia this effect was
not seen, and indeed, with ( +)nicotine a slight shortening of ike burst length was
observed (Fig. 9). These findings suggested either a distinct nxcbanisin from that
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FIG 9 Number of ripenings per burst for ACh-activa~ed single channel currents. Recordings
were made from frog interosseal muscle fibers with ACh (0.4 JAM) plus either (-) or
(+)nicotine, at concentrations indicatcd (0.1-20 ,AM). in the patch pipette. Cell-attached
patch. lemperature 10 C.

predicted by the sequential model or a binding to a site outside of the electric field
of the membrane.

Most of the channel alterations induced by (-)nicotine in the presence of ACh
did not fit the predictions oi the sequential model. The mean open times decreased
with concentration but were not influenced by the transmembrane voltage (Fig. 9).
In addition, mean burst times decreased with increasing (-)nicotine concentration
to a value close to that obtained when (- )nicotine was used alone to test its agonist
property (Figs. 4 and 5). Also. similar to (-)nicotine alone, the burst length
maintained the same voltage-dependence of the ACh-activated currents. An alterna-
tive mechanism underlying these alterations may be a concomitant activation of the
channels by both ACh and nicotine. This seemed especially true for ( -)nicotine as
this enantiomer produced significant agonistic activity at the same concentrations
we used with ACh. The gradual decrease of the mean open times with (-)nicotine
ccncentrations might have resulted from an increased contribution of (-)nicotine-
induced currents to ihe total events recorded. A comparison of Figs. 3 and 9 showed
that the mean open times of the currents activated in the presence of both ACh (0.4
,uM) and ( -)nicotine (20 yiM) and their dependence upon the voltage, were not
significantly different from those determined for the currents recorded in the
presence of (-)nicotine alone. However. higher doses of ( -)nicotine were not
tested in the presence o(f ACh to ensure whether a further shortening of the mean
op&n times would be observed. As mentioned earlier, with 25 A.M ( - )nicotine alone.
the intrabirst open times w.re clearly shortened without significant changes of the
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FIG 9 Kinetics of activation of AChR by a combination of AL land nicotine ACII (0.4
,am) was combined with I and 20 IiM (-) and (+)nicotine in the patch pipette. Because
ACh commoniy causes isolated openings. it could have been possbe to observe chaoinel
blockade by relatively low concentrations of nicotine where channels were predominantly
activated by AClI. Increasing corcentrations of nicotine produced a dose-dependent decrease
in the open time of single channel currer~ts. Burst times dropped fromt the control level to that
observed with nicotine isomers alone..

burst duration, tl'ius indicating occurrence of blockade of the open state of ihe
channels. In the case of ( + )nicotine, the agonist effcct had a smaller contribution to
the currents and the majority of the alterations resulted trom the noncompetitive
blockade of the open state of the channels activated by ACI. Indeed, most of the
data could be fitted to the predictions of the scquential model described earlier.

Anatoxin-a stereoisomers and seiectcd analogues

The agontist and antagonist properties of anatoxini-a stereoisomers and two geomet-
ric isomers (R)- and (S)-N-methylanatoxinols were studied on muscle contracture
and on single channel currents activated at the perijunctiocal region of the frog
skeletal muscle fibre. In addition, w,! present here the initial results obt-Aired with
the dimethyl derivative of ( +)anatoxin-a on the single channel currents. The

* chemical structures of these analogues are shown in Fig. 1.

* Agonist potency as determined from the muscle contracture
In the rectus abdominis contracture assay, (-.)anatoxin-a was 110 times more
potent than catbaniylcholine. By comparison with ACh, after wtrtp!ete inhibition of
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FIG 10 Inhibition of [12311la-bungarimoxin binding to Torpedo electropax receptors by
(+)anatoxin-a (C)). AO. (o), carbamylc~holine (o). (-)anatoxin-a (+). N.SV-dimethylanato-
xin (7). and (S)- and (R)-N-methylanatoxinclls (C and a). respectively).

cholinesterase (ChE) with the irreversible anti-ChE agent diisopro-
pylfluorophosphate. ( 4- )anatoxin-A was 8-times more potent than the n~atural trants-
inittor (7]. These data were in good agreement with assays performed in T1orpedo
electric organ membranes by measuring the inhibition of the binding of radioactive
ar-BGT. a specific probe for the agonist recognition site at th.e nicotinic AChtR [71.
(+ )Anatoxin-a was 3-fold miore potent in inhibiting ("Slla.BGT binding than ACh.
thus indicating that the high agonistic potency of {+1,!natoxjn-a seemed to result
from the its high affinity for the ACh recognition site at the AChR (Fig. 10).

In addition. we determined the stereoispeciricity of the ACh recognition site in
relation to anatox~in-a cniantiomers. (4-)Anatoxin was more than 1SO-fold more
potent than the (-) isomer (7]. Considering that the ( -)anatoxin-a sample could be
contaminated to some very small degree with (4-)anatox~in-a. the difference could be
even larger. This degr -of stereoispecificity is much higher than that shown by other
enantiomeric pairs ot nicotinic- agonists. (- )Nicotine as we had shown in the
previous section is only 8- to 10-times mere potent than the (4-) isomer (Fig. 2).

In the same rectus abdominis preparation. the contracture potency of (S) and
(R) geometric isomers of )V-methylanatoxinol was tested. These analogues have A
methyl group attached to the nitrogen. and a secondary alcohol substituting for the
carbonyl group of (4-)anatoxin-a. These structural alterations produced marked
reduction in the ability of these isomers to act as nicotintic stimulants. These (S) and
( R)-isomers were tested up to 170 AM and 250 A M. respectively, but neither of the
1V-meithylanatoxinoil isomers induced any contracture of the rectits abdominis muWcl
(441. The absence of detectable muscle contracture was directly related to the lack of
binding to the agoruist recognition site as determined by the poor capability Of both~
isomers to inhibit I"'IJo-BGT binding. The (S)-iso'mcr inhibited [j'f'1la4GT
slightly at 10 AtM whereas the ( R)-isomer even at 100 AM did not sigmfic~atly
affect this binding (Fig. 10).

In addition. it has been reported that strong nicoti .ni .c agonists greatly eneanee
the binding of probes such as ('HJH, HTX to sites at the,,AChR ion channel. The"
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sites are thought to be ailosterically associated with the receptor ga•ing process suchSthat the binding of the agonist to its site remnoves some barriers thus increasing the

rate of ['H]H,,HTX association [45,46]. The relative potencies of ACh. (+) and
(-)anatoxin-a and the (S) and (R)-N-methylanatoxinols in stimulating
' 'II]H 12HTX binding were in close agreement with their potencies in inhibiting the
binding of ['"21]a-BGT to the agonist recognition site. Whereas (-)anatoxin-a and
ACh markedly increased the [ 3 II]H, 2HTX binding, (-)anatoxin-a poorly stimu-
lated and the N-mcthyl-anatoxinol analogucs actually inhibited the interaction of
this ion channel probe [7,441.

Kinetics of single channel currents activated by ( + )anatoxin-a and a.taloguses
Nicotinic AChR from the frog muscle -ndplate was activated by ACh and
(+)anatoxin-a and its analogues. The agonists, at various concentrations, were
placed inside the patch micropipette and the recordings obtained under cell-at-
tached configuration.

(+ )Anatoxin.a This toxin induced channel openings at nanomolar concentrations.
The slope conductance of cha.nnels activated by (+ )anatoxin-a was similar to that
calculated for ACh, i.e. 30 pS. at 10*C. In comparison to ACh. the currents
activated by (+)anatoxin-a showed more frequent interruption by short closures of
the channels. These closures were neither concentration- nor voltage-dependent and
were interpreted as resulting from the transition between the agonist-bound closed
state and the open state. Due to the presence of these flickers, the mean of the open
times for (+)anatoxin-a was one-half of the mean burst times whereas for ACh
these two parameters differed only slightly. The duration of the bursts elicited by
(+ )anatoxin-a was significantly shorter than that activated by the ieurottansmitter,
for example, at -90 mV holding potential, the values found were 5 and 9 ms for
(+ )anatoxin-a and ACh, respectively (7).

In addition, at 10-fold higher concentrations, (+)anatoxin-a induced AChR
desensitization like ACh and other strong agonists (Fig. 11 and see Fig. 14 in Ref.
40). After an initial period of simultaneous activation of many channels, typical
clusters of channel openings 147,48] separated by long silent priods were recorded
at high concentrations (1-3 MM) of (+)anatoxin-a. In the case o (4-)anatoxin-a,
because of the shorter open and burst duration the total cluster length was much
shorter than those induced by desensitizing concentrations of ACh (Fig. 11 ann Ref.
40). No significant change in the apparent single char.nel conductance was seen at
desensitizing doses of (+ )anatoxin-a. Binding assays have disclosed that although
(+ )anatoxin-a showed higher affinity than ACh for the agonist recogr ition site, the
onset of desensitization induced by this toxin was slowýer than that produced by the
neurotransmitter [7]. A similar difference was observed at lower concentrations of
(+ )anatoxin-a and ACh. The slower rate of desensitization caused by ( +)anatoxin-a
may partly contribute to the greater potency of ( + )anatoxin-a over ACh seen in the
measurement of contracture tension.

(S)- and (R).N-,nethvlanatoxinol Although contracture [441 and binding assays
(Fig. 10) did not demonstrate significant agonist activity, (S)-H-metbydanatoxinol
(1-20 MiM) activated low-frequency ýinglc channel currents. No channel activation.

however, could be recorded with (R)-isomer up to 200 jAM. In comparison to
(+ )anatoxin-a (0.02 ,M) and ACh (0.3-0.4 pM), e.en at higher concentrations (100
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FIG 11 Desensiization of the AChR induced by (+)anatoxin-a (3.2 jsM). Isolated bursts
with openings of normal duration were separated by a long-lasting period without channel
actiVnty.

jM). the frequency of channel activation of (S)-N-methylanatoxinol was very low.

with no multiple simultaneous openings. Recordings obtained with (S)-isomer at 1
to 10 gtM concentrations consisted of bursts with *flickers' .indlar to the those
recorded with (+)anatoxin-a as nico;inic agonist (Fig. 12). At higher concentra-
tions. (S).,V-methylanatoxinol induced alterations that suggested the occurrence of
blockade of the open state of the channels. Because the frequency of openings was
very low. this effect was further analysed on the channels activated by ACh (see
below).

.V..V.-Dimethi,'anaroxin A.•JIough very preliminary. for qualitative comparison we
present here the initial results obtained with another analogue of (÷)anatoxin-a.

t
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FIG 12 Samples of single channel currents activated by ACh, (. +)anasoxin-a. (S)-NV-methyl
anatoxinol, and N.N-dimethylanatoxin. Holding potential: - 125 mV. Temperature: 100 C.
Note the marked differences between concentrations of agonists that were required to elicit
moderate frequency of bursts.

N,N-dimethylanatoxin. This analogue differs from (+)anatoxin-a only by two
additional methyl groups which are attached to the nitrogen atom. This structural
alteration led to a marked reduction in the muscle contracture potency of dimcthyl-
anatoxin (49). This reduction was only partly due to the decrease in dimethylanato-
xin affinity for the agonist recognition site as indicated by the I'5lja-BGT compe-
tition assay carried ovt with Torpedo electroplax membranes (Fig. 10). At the single
channel current level, in comparison to the original toxin, a 1000-fold higher
concentration range (20-100 puM) was necessary to study the kinetic properties of
the channels activated by this analogue. Similarly to (S)-N-methylanatoxinol,
currents activated by dimethylanatoxin showed increased number of flickers (Fig.
12). The frequency of flickering increased with dimethylanatoxi, concentration and
was accompanied by a decrease in the mean open and burst times, an effect similar
to that observed with anatoxinol isomers. As we pointed out before, some of these

/ I
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alterations were suggestive of blockade of the open state of the channels. Because of
low-frequency channel activation induced by dimethylanatoxin we decided to
further analyse the blocking mechanism using ACh as the nicotinic agonist (see
below).

Siructure-agontIst potency relationship In an attempt to correlate the structural
alterations with the marked reduction in the agonist potency observed with the two
geometric isomers. (R)- and (S)-N-methylanatoxinol, the role of both the additional
methyl groups at the amine group and the reduction of the ketone moiety present in
anatoxin-a to a secondary alcohol should be considered. Beers and Reich's model
(151 postulates for the interactions of ACh and other nicotinic agonists with their
recognition sites on the AChR. that there are two main points separated from each
other by a distance of 0.59 rni: an electrostatic interaction occurs involving the
amine moiety and a hydrogen bond where the agonist carbonyl group functions as
an acceptor.

The alcohol group should be a worse acceptor of H-bonds than either the
carbonyl of (+)anatoxin-a or the ester group of carbarnylcholine. In addition, the

reduction of the ketone function led to the loss of the conjugated enone system
present in (+)anatoxin-a structure providing free rotation of the alcohol moiety.
Significant and comparable reductions of the agonist potency and lethality had also
been observed when the anine system was lost by the saturation of the double bond
of (+)anatoxin-a to form dihydroanatoxin [111. Free rotation might remove the
optimum distance betweer, the positively charged nitrogen head and the hydrogen
bond postulated for AChR activation. -is encountered in (+)anatoxin-a and ACh
molecules. Indeed, binding assays showed that both (R)- and (S)-isomers had
higher affinity for muscarinic than for nicotinic receptors and that both analogues S
had higher affinity for muscarinic receptors than did (+)anatoxin-a 1441. These
findings suggested a change in the orientation of the hydrogen bond and in the
distance between the two functional groups to become loser to the 0,44 nin
postulated for muscarinic stimulation (15,441. Another cause for decrease in the
affinity for the agonist recognition site could result from the loss in the planarity of
the acetoxy group present in the ACh molecule by the reduction of the carbonyl
group, thought to be critical for the expression of agonist potency [501.

In reference to the cationic head, the first inspection led us to discard an
important role of the N-methylatinn or the non-quaternary nature of the amine
group in the reduction of the agonist potency of the N-methylanatoxinol isomers. In
the ACh molecule and many other strong nicotinic agonists the nitrogen is part of a
quaternary ammonium group with a permanent positive charge [1.61. In the case of
( +)anatoxin-a and the N-methylanatoxinol isomers, although secondary and ter-
tiary amines. respectively, they should be mostly protonated at the physiological pH
of solutions used. Furthermore. the nicotinic agonism seems to be directly related to
the depth of bulky groups in the direction perpendicular to the plane of the
carbonyl group. A steric bulk around the cationic head appears to be important to
achieve channel activation [I. However. the initial results with dimethylanatoxift
indicated that the functional and steric features delineated in Beers and Reich's
model are insufficient to predict the potency of the nicotinic agonists. The dimethvl •-
anatoxin molecule contains the same ( +)anatoxmn-a carbonyl group and enone
system but the amine moiety in this analogue is a quaternary ammonium resulting
from the double ,V-methylalion. Greater reduction in the agonist potency. compared

I.0
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to N-mcthylanatoxinol isnomers, ob ervcd with the dimcthyl analogue suggested that
not only the distance between the coulombic interaction anti the H-bond. but the
directionality and perhaps more subtle differences such as solvauion, hydrophobic-
ity, etc. are important features irn the activation of AChR.

Blocking action of (R)- and (S)-N-inethllanatoxinol on the ACh-activaied channel
currents
Binding assays performed on Torpedo electroplax membranes showed that
(+)anatoxin-a did not produce significant noncompetitive blockade of the AChR
ion channel as indicated by the absence of inhibition of binding of [1H]H- 2HTX [7].
On the contrary, as mentioned above. (+)anatoxin-a increased the affinity of the
H12HTX for its binding site by an allosteric coupling with the agonist recognition
sit.. Electrophysiologically, recordings of nerve-clicited -ndplate currents did not
show alterations of the time constant of the decay, a parameter that reflects the
kinetics of the activated ion channel [101. Only the peak amplitudes were markedly
depressed as a consequence of AChR desensitization. It has been reported that ACh
at concentrations of 30 AM or higher produced channel blockade [48,51]. This
concentration range of ( +)anatoxin-a, however, was not tested.

(R)- and (S)-N-methylanatoxinol In contrast to (+)anatoxin-a. inhibition of the
['H)H, 2-HTX binding at Torpedo elcctroplax membranes indicated that both (R)-
and (S)-isomers interacted significantly with noncompetitive sites at the AChR [44].
Four-times greater potency for inhibiting j3 H H1 ,-HTX binding was observed with
(A)- compared to (S)-isorrer. Moreover, whereas the binding of (S)-isomer was not
influenced by the presence of nicotiaic agonists such as carbachol, the inhibitory
potency of the (R)-isorncr was increased over 4-fold in the presence of this agonist
[44].

We anaiysed the blocking actions of both isomers on the single channel currents
recorded using admixtures of ACh (0.4 AM) with (S)- (1-20 AM) or (R)-N-methyl-
anatoxinol (5-200 pM). The single channel conductance was not altered by the
inclusion of either analogue. However, both analogues caused definite changes in
the open state of the channels.

In the presence of (S)-N-methylanatoxinol. single opening events were divided
by numerous flickers yielding bursting-like activity (Fig. 13). The effects of both
isomers were analysed according to the sequential model presented earlier. The
durations of intraburst openings were distributed according to a single exponential,
at all concentrations or transmembrane potentials tested, indicating a single open
state of the channels. The mean open times were shortened in a concentration- and
voltage-dependent manner (Fig. 14A). The linearity of the relationship (within a
small voltage range) between the reciprocal of the channel open times and the
blocker concentration predicted by the sequential model and described according to
the equation -/i,, , k- 2 + [D] x k., was observed with (S)-isomer (Fig. 14B). The
slope of that relationship is the blocking rate k_, and it in turn was exponentially
dependent on the holding potentials (Fig. 14C). The magnitude and opposing
voltage dependence of k3 was responsible for the influence of the holding potentials
on the blockade of the open state of the channels. Therefore, with increasing
concentrations, the steep voltage dependence observed under control condition was
gradually lost and the sign of the slope was even r,.,ersed at higher concentrations
of (S)-isomer. as the rate of blocking (k3) made increasingly greater contributions
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FIG 13 Samples af single channel currents activated by ACh in the presence of various
concentrations of the (S)-N-methylanatoxitnoi. Holding potential - 120 mV. Note that the
channels are activated in bursts composed of many openings. i.e.. the channels appeared to
undergo many transitions between the open and short, blocked states. A: ACh 0.4 AsM plus
(S)-:V.methylanatoxinol 1.25 gM. 3: ACh 0.4 MM plus (S)-A'-methylanatoxinol 6.25 JIM. C;
ACh 0.4 aM plus (S)-,V-methylanatoxinol 12.5 ;&M. D: ACh 0.4 ;AM plus (3)-N-methyl-
anatoxinol 25 IM.

to the shortening of mean channel open time (Fig. 14). Also. in the same figure one
can see the steep voltage dependence of the forward rate constant (kj) of the
blocking reaction induced by (S).,V-methylanatoxinol.

Comparatkvely. the (R)-ikomer induced longer bursts than the (S'.isomer with
more proionged intraburs( closures which according to the model corresponded to
the blocked state [441. Thotgh progressive ihortening of the open times wU,
ousered rrom 6.25 ,o 200 iAM concentrations of I R).,V-methylanatoxinol. in
contrast to the (S)-isomer. the analysis of f R)-isomer actions indicated no clea
linear relationship between the mean channel open rime and its concentrarton. As
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FIG 14 A: serifloganithrnic plot of mean channel open times vean amplitude of the single
channel currents activated in the presence of ACh (0.4 AN.) eithe asone (o) or together with
iS).-V-methylanatoxmnol (10 AM. 0). Note that under control cizditions. the open time
durations increased with the amplitude and therefore with hyperpa~anzation. In the preseace
of ACh and (S).,V-methylanatoxinol. this voltage dependence is padualv lost with increas-
in& concentrations of the toxin, the sign of the slope is inverted at ncnczrtratons of 10 MM
and above. 13: relationship of the reciprocal of the mean channel even times (1/i%) to toxin
concentration. A linear relationship was seen up to 20 AM coacenvations of (5)-N-methyl-
.snatoxinol. C: block~ing (k)) and unblocking (k..,) rates for (S)- and (R).iV-methyl-
anatoxincils (o and a. r.cspectivcly). demonstrating a greater vottap dependence of the more
polar S isomer.

~cen in Fig. 14C. k, for (R )-,V-methylanatoxinol showed very weak voltage depen-

nmore quantitative analysis of the closcd times for both isomers disclosed two
dislinct components. the short-lasting population being assoc~atcd with the channel
~'14cked latae. According to the sequential model for open channel blockade. the
reciprocal of mean blocked times corresponds to the rate for uinblocking (k -,). The

*values for the I S)-isotner were voltage-dcpendcent such ihat greater stability of
"Nxi~kadc ocecurred at more hyperpolarizcd potenitials. In cow~arison to the (S)-i!,-
mner. the ( R )-isomcr induccd *longer channel closures due to a iower unblocking rate.
IFlirlhcrmorc for the I? ft-isomer these values were riot sign1ifcantdv altered by the
l.hznvcs tif the tirnsmembrane holding potentials (Fig. 1,.C)ý

In .iddition. with inkreasing cooccnit rations of thc biockcr. the sequcnittai mocdel
"rrlcin increase tn the number ol* Openings per burst "w.th no chatiges; of the
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total open time per burst. However, this prcmise was not supported with either
analogue as the total open time per burst was decreased despite the increase in the
number of openings per burst. This was particularly evident in the case of blockade
induced by high conc,-ntrations of the (R)-isomer. This departure from the sequen-
tial model suggests the existence of alternate mechanism(s) such that transition of
the blocked AChR towards its resting state occurs without passing through the open
state.

Structure.channel blockade relationship (+))Anatoxin-a did not produce significant
noncompetitive blockade of the AChR ion channel. In contrast, both (S)- and
(R)-methylanatoxinol and dimethylanatoxin demonstrated ion channel blocking
activity. Both k3 and k-_3 for (S)-isomer were greater and voltage-dependent such
that in the single channel recordings we could discern faster intraburst closures that
were stabilized at more hyperpolarized potentials. The rate of unblocking by the
(S)-isomer was comparable to that reported for siowly dissociating blockers such as
scopolamine (431 and slower than for the rapidly reversible blockers pyridostigmine
[52l, physostigmine (341. neawtigmine and edrophonium 140!. In contrast to the
above mentioned blockers. both the blocking and unblocking rates for the (R)-iso.
mer were voltage insensitive. The values of k .- for the (R)-isomer were smaller
those that of the (S)-isomer but apparently faster than those of quasi-irreversible
(very slowly reversible) blockers such as atropine [431. bupivacaine (371 and cocaine
[531.

The greater polarity of the (S)-!somer'could contribute to a greater rate of
binding as a noncompetitive antagonist via long range coulombic forces of aturac-
tion. The rate of blocking of (S)- would appear to be greater than that of
(R)-methylanatoxinol as a result of its greater voltage sensitivity (Fig. 14C).
However, (S) exhibited a faster dissociation (unbiocking) rate. as this isomer
induced shorter intraburst closures compared to the (R)-isomer. In the case of
physiologitally synchronized channel activity which occurs during neuromuscular
transrmission. the magnitude and the voltage dependence of these rate constants
could alter the kinetics of the EPC decay. As indicated by the k3 and k-.) values
for (S)-isomer, the blockade is weaker and less stable at depolarizing potentials.
"Therefore. the depolarization that results during synaptic transmission would have a
greater innluence in diminishing the blocking potency of the (S)-isomer. This is
confirmed by the low potency of antagonism of H12HTX binding measured in
Torpedo homogenized membranes (near 0 mV) 1441. ( R)-isomer. on the other hand.
due to the lower voltage dependence of its blocking and unblocking rate censtants.
showed higher potency in inhibiting H1,HITX binding. Indeed. though weak. the
depression of muscle twitch response was only observed with the ( R)-isomer.

( 4- )Anatoxin.-, on the central AChR

The identification of' AChR in central nervous system and the analysis of the
agonist propf:rties of ACh and ( + )anatoxin-a were carried out in neurons cultured
from the hippocampus and the medullary portion of the brain stem regions of fetal
rats [231. In contrast to the rather homogeneous and high density distribution of
glutamate [541 and GABRA-actvated receptors (551 on (he soma membrane. the
activity of AChR was more likely to occur in the area close to the base of the apical
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FIG 15 Hippoca,-npal neurons cultured for 15 days. ttippocampal cultures contained mostly

pyramidal cells. because granule cells are not present at the prenatal stage of these animals.

The cells in the brain stem culture were either pyramidal. fusijorr" or spherical. We found

that AChR activity was likely to occur near the axon hillock (i-Adicated by arrows). Thus.

* most of our patch clamp recordings were obtained trom this resion.

dendrite or the axon hillock (Fig. 15). Most of the recordings were obtaincd from
these areas of the pyramridal, cell-like neurons.

Compared to the periphery, 5- to 10-times higher contcentratic-ns (1-5 tjM) of

* both ACh and (-+ )anatoxin-a were necessary to activate central AChRs. Fig. 16

shows typical currents recorded using these agonists. Although muscle AChRs

usually show some desensitization with clustering of channel activation at this

concentration range (Fig. 11 and Refs. 40. 56), this pattern was not observed at the

CNS. Instead, randomly occurring single channel events with occasional stepwise

multiple ac:ivation due to simultaneous opcning of two or more channels were

recorded.

0
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FIG 16 Samples of singJe channel currents activated by ACh and (+)anatoxin-a in central
neurons. Multiple conductance states. typical of immature tissue. are apparent.

As has beer reported in culture preparations for nicotinic (371 and other
receptors such as glutamate receptors [57] and in preparations of chronically
denervated muscle fibres [381. in some patches multiple conductance states could be
discerned (Fig. 16). A similar pattern of :onduciance distribution was observed in
cultured myoballs 1371. The predominant population of nicotinic receptors found on
cultured brain stem neurons had a single channel conductance of 20 pS at 1OWC
(291. A 10 *C elevation of temperature increased the conductance by a factor of 1.3
to 1.5. in agreement wtih the Q,0 values reported previously for muscle AChR [371.

For the kinetic analysis. 20 pS currents recorded at 10*C were used. Briefly, for
qualitative comparison. the higher-conductance channels seemed to have faster
closing kinetics, yielding shorter open-channel duration. ACh-activated currents
showed only a few interruptions during the open state of the channels (Fig. 16).
Similarly to the muscle AChR. (+)anatoxin-a induced channel openings that
contained increased number of short interruptions (Fig. 16) which generated a
double exponential distrbution of the closcd times. The fast component corre-
sponded to the fast intrahurst closures. The - obtaaned from the fit of its distnbu-

7/ tion to ai exponential function was dctermined to be 0•i ms. and was shorter thau

that reported for currents activated by )antoxin-a at the muscle endptate 111.



This implied that the opening rate was greater for the CNS AChR channels because
these fast closures were interpretcd as channel transitions between the doubly
liganded closed conformation and the open state.

Both open and burst times could be fitted to a single exponential function with a
r of 1.7 and 2.7 ms, respectively for channel currents with amplitude of 1.6 pA.
Because, in comparison to ACh, (+)anatoxin-a induced bursts with an increased
number of brief closures and the individual openings within a burst were shorter,
the burst duration was shorter than those elicited by tl.e- neurotransmitter. The
number of openings per burst ranged between 1.2 and 1.6 and was neither voltage-
nor concentration-dependent. This valwe was close to that found for muscle AChRs
which together with the shorter closed interval indicated that the dissociation rate of
(+)anatoxin-a from the CNS receptor site may be increased relative to the muscle
AChR. This may partly account for low activation and absenc= of clear desensitiza-
Uon at the micromolar range used.

In conclusion, it seems that functionally the central AChRs share a great degree
of homology with embryonic AChRs encountered in cultured myoballs [371 or
denervated adult muscle fibre [381. In addition, the similarity of the ion channels of
;the central and muscle AChRs determined from H 12HTX binding r58] suggested
that (+)anatoxin-a and some of its analogues may be important pharmacological
tools to characterize the subtypes of the CNS nicotirlic AChR.
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INTERACTION OF Ca'~ WITH CARDIOLIPIN-CONTAJNING
LIPOSOMES AND ITS INHIBITION BY ADRIAMYCIN
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Absitract-17he inwerSction of cardiolipin-containing. unilamellair liposomes with Ca2* was assessed by
* h~fow diailvsis in the presence of 2-iO~u M "Ca 2 , using vesicles formed from phosphatidvlcholine (PC)

and from PC and cardiolipin in mole ratios from 16: 1 to 1: 1. Control (PC only) vesicles bound no
detectable Ca- . In contrast. Cal' binding to cardiolipin-eoezaimng vesicles was substantial and depen-
dent on vesicle concentration. Scatchard plots for the binding were concave upward. Resolution of the

e data. assuming the presence of two independent classes of binding sites. indicated a high-affinity site
with appareoti K0, - 5.57 = O.48uM (S.D.) and ase~cond site with Koin the millimolar range. Interaction
of cardiolipin-containing liposomes with Cal* was insensitive to monovailent cations (Na'. K', Rb').
but was inhibited by ruthenium red X- L&3- > Mn- > me". Progressive increases in the PC: cardiolipin

- ratio marketflv increased the apparent K0 for Ca'* at the high-affinity site. Stoichiometry of Ca"* binding
-~ at the site pissed th'rough a maximum at a PC; cardiolipin ratio of 4: 1. 'The potent antineoplastic agent

adrianicin also inhibited the interaction of Ca`' with cardiolipin-conttaining liposomes in a dose-
dependent manner: effects were detected at 1OAIM antiliotie. Unlike PC. adriamycin altered the

* stoichiometrv of the high-affinity interaction but not the apparen Ka. Adriamycin effects increased
* wirh pH in tile ranee of the p4,. of its amino group. 1These restilts suggest that inhibition by adniamycin

may result from a mc~chanism other than simple competition for the char-ged head group of cardiolipin.

Adriarnvcin (doxorubicin) is a potent antineoplastic electron transport (221 and the phosphate trans-
*agent (1, 21, but its clinical use is limited by cumu- locator 123110o adriamycin has been reported.
lative cardioitoxxcity 13. 41. The oincolytic activity of Several observations support the proposition that
the drug is attributed to intercalation of the anthra- cardiolipin may participate in movement of Cal*

*cycline ring into the DNA double helix [1,.5], poss- across the inner mitochondrial membrane (24, 25).
*ibly folfowed by localized generation of free radicals (1) Cazdiiolipin facilitates the sequestration of Ca 2+
[6]. The biochemical basis of its cardiotoxic sidc in the organicphase of atwo-phase extraction systemi
effects is much less clear [7]. One potential intra- 124-261. (2) Cardioili pin has been reported to mediate

*cellular target of adriamycin is cardiolipin, an acidic the movement of Cal' through a bulk stirred organic
phospholipid with which the drug interac~s strongly phase from one aqueous phase to another 1271. (3)

S(KA - 1. 6 x 106 M -i; [s.1 9)). Addition of cardiolipin to platelet suspensions pro-
Cardiolipin (diphosphatidylglycerol) is an unusual motes an influx of Ca2+ and a related release of

phospholipid containing tour fatty acids and a head serotonin (281. (4) Cal* induces cardiolipin to adopt
group with two negatively charged phosphate groups inverted, non-bilayer structures potentially suitable
( 101. In eukaryotic cells. cardiolipin is restricted pri- for Cal* sequestration (29, 301. However, attempts
manily to the miciocliondrial membranes 1111, where to measuire cardiolipin-dependent Ca24 uptake into
ands major component. Cardioilipin accounts for 17 inultilaanellar liposomes containing up to 5 mole

ad20% of the pho~pholipid content (by weight) of percent cardiolipin have met with little success
mnitochondria from bovine liver and heart respect- 131, 321.
ively 112J. All but trace amounts of mitochondrial We hive focused recently on the possible role of
cardiolipin is found in the inner membrane f13-151, cardioilipmn in C&2+ translocation, suggesting that,

-and more refined analyses of the heart preparation in order to function in Ca24 transport across an
localize 75% of th: inner membrane cardiolipin to intracellulr membrane, cardiolipin must be able to
the bilayer leaflet facing the matrix (151. interact with Cal* at physiological, cytosolic con-

Cardiolipin may play several roles in the mito- centrations (0.1 to IObzM, see Ref. 33) [341. (This
chondrial membrane. A requirement for cardiolipin restriction would be somewhat relaxed if cardiolipin

-in electron transport through cytochrome c oxidlase were to mediate Ca'* effiux from niitochondria.)
has-181 and electron transfer complexes I and 111191 Because all elarlier studies of Ca21.cardiolipin inter-

hsbeen established. Cairdiolipin is also required for action had used Cal* concentrations in the millimolair
*optimal function of the reconstituted mitochondrial rangje, we re-examined the interaction in a model
phosphate translocator (20. 21). Sensitivity of both two-phase organic extraction system using micro-

molar C&2* and phosphoiipid concentrations. Those
experiments alhowed ur to identify CaI*-cardiolipin

Current address: General Physics Corp.. Columbia, interactions of high affinity (appia. ent go for Ca2 J+
MD 21044. 1-3 4uM, depending ona organic solvent). charac-

t To whom reprint requests should be addressed. terized by cation selectivity. Phospltatidylcholine
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SCC
(PC) was found to inhibit cardiolipin-mediated any of the vesicle preparations. Measurements using
extraction of Ca2 * into the organic phase [341. ( "Cloctylglucoside [36J suggest that less than 0.01%0-- -
Extraction was also inhibited by adriamycin f351. of the detergent is retained by the vesicles. r%- SP

We have now extended our studies to examine Measurement of calcium binding. Binding of
the interaction of Ca-` with cardiolipin-containing "5Ca2 + to the vesicles was measured by means of " ru
unilamellar vesicles prepared by a variant (361 of the flow dialysis [391 using a custom-constructed Teflon
detergent-dialysis method [371. The properties of apparatus with an inner diameter of 1.0cm. The'- w,
Ca 2'-cardiolipin interaction observed in the two- upper and lower portions of the chamber were sep- -7'
phase organic extraction system-high affinity, cat- arated by a 3500 molecular weight cut-off dialysis .. -,
ion selectivity, and sensitivity to PC-were preserved membrane. The contentsof both compartments were _ "W

when cardiolipin was incorporated into a phospho- stirred. The volume of the upper phase was 2.0 mi.
lipid bilayer in contact with an aqueous solution at In initial experiments, buffer was pumped through •
physiological pH. Furthermore, the interaction was the 0.25 ml lower portion of the chamber at a rate
inhibited in a dose-dependent fashion by low con- of 0.44 mi/min, and 1-min fractions of the effluent ET.
centrations (<100 0M) of adriamycin. were collected directly into scintillation vials. In later --<

experiments examining adriamycin effects, flow rate .
MATERIALS AND METtIODS was increased to 1.10mi/min and 30-sec fractions..

were collected. Aliquots (0.4 ml) were then trans- - C
Formation of phospholipid vesicles. Unilamellar ferred to vials. The relative "sCa+ content of each

phospho'.pid vesic!es were formed from PC and car- vial was determined by standard liquid scintillation -

diolipin according to Mimms et al. [361. Solvents counting. Similar results were obtained with both
were removed from phospholipids (10 Wnoles) by protocols. For binding interactions of sufficient- I-
evaporation under nitrogen. The lipids were washed strength. the flow dialysis method permits estimation
twice with petroleum ether and evacuated for at least of number and affinity(s) of binding sites based on
30 min to remove all traces of solvent. Detergent data obtained with a single sample over the course
(0.5 ml of 0.3 M octylglucoside in 10rmM Hepes*- of an hour.
KOH, pH 7.4; final phospholipid concentration = Data from two typical flow dialysis determinations "
20 mM, detergent/lipid ratio = 15: 1) was added, of "Ca 2- binding to PC/cardiolipin vesicles are plot.
and the mixture was applied to a Sephadex G-50 ted in Fig. 1. Results were analyzed as previously ---
column (1.5 x 20 cm). The column was eluted at a described [391, correcting for a Ca-` concentration of -
flow rate of 1.2 mi/min with 10 mM Hepes-KOH, 1.16 MM in the Hepes buffer, determined by atomic 7
pH 7.4, that had been de-gassed. (Unless otherwise absorption spectrophotometry. The experiments
noted, all manipulations were carried out at room reported here meet several key criteria. (1) The
temperature in this buffer.) Vesicles always emerged permeability to Ca2÷ of the dialysis membrane sep-.
in the column void volume in a sharp (<3 ml) peak. arating the two portions of the chamber does not -
Their position was identified by clearly visible tur- change during the course of the experiment. In con- -
bidity for the higher l'C:cardiolipin ratios and by trol experiments carried out in the absence of .
u.v. light scattering for vesicles containing higher vesicles, the ratio of the steady-state concc.ntration - '
mole fractions of cardiolipin. Phospholipid analyses of "Ca-` in the effluent stream to "5Ca2 * con-
f381 of the column fractions confirmed the position centration in the upper phase was invariant for total
of vesicle emergence. More than 80% of the lipids Ca2+ concentrations from 1 to 100pM and for all T7
applied to the column were recovered in the pooled adriamycin concentrations employed (data not-. .,- "
vesicle fractions for PC:cardioiipin ratios>2:1 shown). (2) Loss of Ca2÷ from th- upper chamber ...
(mole/mole). For higher cardiolipin content, vesicle during the course of an experiment is minimal -:.
yield was somewhat reduced. (<15% of the label initially present). (3) The Ca2 2
- Phospholipid vesicles were formed from mixtures concentration in the buffer stream flowing through
of PC and cardiolipin in several PC:cardiolipin mole the lower chamber reaches a steady state after each Z7
ratios: 1:1, 2:1. 4:1, 8:1. 12:1, 16:1, and 1:0. addition of non-radioactive Ca2÷ (Fig. 1).
Lipids were storec. at - 15'. vesicles were stored at Data analysis requires estimation of cpmMAx, the ."

5. and used within I week, during which time no steady-state concentration of '5Ca2' in the effluent
changes in Ca` binding were observed (see also when no 'sCa 2 is bound to the vesicles. In theory,
Ref. 37). Vesicle composition was compared to the cpmMAewculdbedeterminedbyaddingasufficiently
composition of the phospholipid mixtures from large excess ofcold Ca' to displace all bound 41Cal÷.
which the vesicles were formed by thin-layer chroma- However, permeability of the dialysis membrane -.

tography on silica gel G plates. Plates were devel- appears to decrease at elevated CaZ# concentrations. _-

oped in chloroform-methanol-water (65: 25:4), and We have therefore used addition of 10,!M rutheniumn
spots were visualized by spraying with 50% HSO, red to define cpmMAX.
and charring. No evidence for selective phospholipid Materials. ASCa 2 ÷ was purchased from New Eng-
incorporation into the vesicles was obtained; in all land Nuclear. Bovine heart cardiolipin (sodium salt),
cases, TLC profiles for vesicles matched (quali- egg yolk phosphatidylcholine (Type XI-E), octyl-
tatively) those for the corresponding PC/cardiolipin glucoside (n-octyl-g5-o-glucopyranoside). ruthenium
mixtures. No octylglucoside could be detected in red, lanthanum chloride, and Hepes were purchased

from Sigma; Sephadex G-50 (fine) was from Phar- ,
"Abbreviations: l'cpe%. N-2-hydroxytthyl piperazine- macia. and silica gel G TLC plates from Fisher

N'-2-ethanesulfonic acid: PC. phosphatu~ylchoitne: and Scientific. Adriamycin-HCI was provided by Dr. N.
PE. phosphatidylethanolamine. Bachur. University of Maryland Cancer Research
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Cent:r. All othcr chemicals were of reagent grade. Table 1. Effect of vesicle concentratoe on Ca- binding by
Ruth'enium red concentration was determined PC/cardiolipiii vesicles in the presence of(2 aM Cal'"
spectrophotornetrically 1401. The sample was essen-
tially free of contamination by ruthenium brown or Volume of Vesicles
ruthenium violet. Spectrapor 3 dialysis membranes Veceaddtosa a'
(Spectrum Medical Industries, Los Angeles, CA) peaa~n(l tM
%vere stirred for several hours in the presence 0! PC/cardiolipin (4: 1) 0.1 0.65
30 mM NaH-C0 3  and I mnM ethvleneglycolbis- 0.2 1.04
(ainino-ethylether)tetra-acetate (EGTA). and then 0.4 1.56
washed extensively with distilled water. Membranes 0.6 1.84
were stored at 4* in 50% ethanol until use. PC/cardiolipin (8: 1) 0.4 0.84

0.5 0.99
RESLTS0.8 1.32

Vescle fomedfrm P an cadilion i a :1 Data were obtained from plots of the type shown insVesilesformd fom P an carioloin n a4:1 Fig. 1. [Ca 2`]b was calculated from the ratie of "Cal*
ratio bound significant amounts of Caa+ 'under these app' trance in the buffcr ftow stream at vialS 11-13, i.e. 'static
experimental conditions (Fig. 1). In contrast, results prior to the addition of cold Ca2*. Total phosphoLipid
obtained with vesicles formed from PC only were concentration in the PC/cardiolipin vesicle preparations .bjec-

was 3.0 mM. pg.
ýythe
aro-

in~distinguishable from controls in which the upper is fat
phase contained buffer only (data not shown). That ')urce

25 dao0 is. no binding of Call to PC vesiclesor to ay residual ;ome
detergent they may contain could be detccted. 31 or

0A Scatchard plot for the binding of Ca2* to PC/ Mlate
cardiolipin (4: 1) vesicles (Fig. 1, inset) shows clear enal-
upward curvature. Such a plot will always be prep- Igens

, LtI ~of binding sites; it can also resul from negative :ould
to dcoed bviy interactiong f a11 Wen have mtpecassued h er~ie

presence of two classes of bindingsites. resolving the trau-

100 d-b

in be
s0 ý,eful

ence

a so ative

S 0 20 30 40 so ;asen-
FRACTION NMBEIR 'gn

Fi. Flow dialysis deemnto40Cl*bnigt bs
PC/crdilipi veicle. Te 2. ~ pperphae cotaed bes-Fig. dilii deices.ter20minto ofpe phase binding to 9gr

vesic~es equivalent to 1.13 Mmoles phospholipid. formed to per-
from PC/cardiolipin (4: 1. mote/mole; open symbols) or ~ et
PC only (closed symbols). "Cal* (2 ~4 containing 2 nmoles Xl for
Ca:*) was added to the tipper ch~imber as colktction of 0 .
fractioni 5 began. At the points indicated by the arrows, a* ao so so 10o 200' any.
sequential additions of non-radioactive 10 mM C.aCl I were COETAI0 FCM~f O 0 ibro..
wnade to produce the indicated total (micromolar) Cal' land
concentrations. At 6iaction 43. 4 WI of a 5 mM ruthenium Fig. 2. Displacement of "Ca'* booed to PCfcardwolpin tia
red stock solution was added. The cpin in 1-m~iu fractions (4: !) vesicles by various cations. Determinattions were
of the buffer flow through tnc lower portion of tho chamber made using a flow dialysis protocol siodur to thatt in Fig. one-
are plotted on the ordinate. Inset: a Scatchacd ptot for Cal- 1. The upper chamber contait.-4 vesicles equivalent to rtile.
binding to PC/cardiolipia W4:1) e'esictes. (Cal*). and 118 MM% cardiolipin (114 MM inl the ex~z-iment using La'*). !.for
(Ca-"J! were calculated according to Colowick and Won.- At fraction 5. 1puM "Ca'* was added to the upper phase. Mrie
ar~k (391. The value of cpm.. was defined by addition of At fraction 13 and at subsequent 5-vial intenvais. additions ýssue
ruthenium red. After each addition, the steady-state value of the competing cation were made._ The measurements urian
of cpm/cpm.. was taken as an indication of the proportion were terminated by addition of 10*4 ruthenium red to and
of the total Cal* in the upper chamber that was free. The yield cpm_. The cpm,. value otitaisied was the same for well
line is an algebraic fit asauming two classes of binding site all runs. After each addition, fte steay-staae cpwn value hibi-
(421. (The decrease in 4 t Wa in the effluent stream observed was used to calculate the fraction of di ":.a' still bound
upon ruthenium red addition to PC vesicles rcflects a as (1-cpm/cpm...). Values are plotted as a peticentage of
decrease in dialysis membrane permeability, induced by the Cia- * bound in the absence of coo~eting cation. Data keys
free ruthenium red, that did not occur when cardiolipin. shown are for ruthenium red (0), LaO, (0). MsCli. (A )i

cotstaining vesicles were used.) MgCI2 (A). and NaOl(Q.
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Table 2. Effect of vesicle composition on binding constants for the inter-
action of Cal' with PC/cardiolipin vesicles

High-affinity site Low-affinity site

PC/Ca rdiolipin K, K,
ratio (pM) ,./CL (mM) n/CL

1:1 2.68 0.030 0.56 1.418
2:1 3.53 0.075 7.02 23.3
4:1 5.00 0.092 2.71 2.7
8:1 6.34 0.081 0.57 0.43

12:1 7.66 0.05! 1.09 0.57
16:1 10.73 0.042 0.85 0.50

Binding constants were derived as recommended by Rosenthal 142) from
the data shown in Fig. 3. For each vesicle preparation, the two straight
lines specified by the binding constants were summed vectorially to yield
the curves in Fig. 3. The data for PC/cardiolipin 1:1 vesicles are not
included in Fig. 3; those data generated a curve that crossed several of the
others, rendering the graph undecipherable.

data according to Rosenthal (421. This approach Cal* binding sites per cardiolipin passes through a
yielded Ko values of 5.0 'uM and 2.7 mM for the high- maximum at a PC/cardiolipin ratio of 4:1.
and low-affinity sites, respectively, and generated the Adriamycin also inhibited the interaction of Ca2÷
curve shown in the inset. Flow dialysis measurements with cardiolipin-containing vesicles. Scatchard plots
on four separate PC/cardiolipin (4: 1) vesicle prep- for flow dialysis measurements conducted in the pres.
arations produced a mean Ko of 5.57 t 0.48 pM ence of 20 AM adriamycin and 36 pM adriamycin
(S.D.) for the high-affinity site and indicated the are shown in Fig. 4. Table 3 cumpiles the binding '

presence of 0.101 -t 0.007 Ca2'" binding sites per constants for those plots, for measurements made at|.
cardiolipin. Estimates of the binding constants for several other adriamycin concentrations using the
the assumed low-affinity site were far more variable: same vesicle preparation (Experiment 1), and for
mean apparent K =" 26.OmM (range: 2.7 to several determinations with a second preparation -

70.2 mM). mean number of sites per cardiolipin (Exnperiment 2). The apparent number of high affin-
26,0 (range: 2.7 to 70.2). Regardless of the inter- ity Ca* binding sites was decreased nmarkedly by the
pretation applied to the data, however, it is clear anthracydine antibiotic, with binding stoichiometry
that, even at 2 .M total Ca-*, the amount of Ca2 * inversely related to drug concentration (r = -0.993
bound by the vesicles was substantial and depended for Experiment 1, Table 3). The apparent K 0 for the
on the concentration of vesicles in the upperchamber high-affinity interaction was, however, unaltered.
(Table 1). Inhibition could not be attributed to disruption of

Selectivity of Ca2'-cardiolipin interaction was
assessed by comparing the abilities of various cations _2
to displace 45Ca2+ bound to PC/cardiolipin (4:1) " -_

vesicles. For four separate vesicle preparations, 50% 8-
displacement oi •'Ca' required 28.5 = 5.2 4"
(S. D.) tM Ca 2l. As shown in Fig. 2, the effectiveness F 6

of other cations decreased in the order ruthenium ,
red > La)+ > Nln-" > Ca` > Mg 24 ) Na'. K' and •
Rb* were also without effect under these conditions \ '0 • "
(data not shown). -

In a two-phase organic extraction system, the _.Z. 't
interaction of cardiolipin with Ca'" is inhibited by U .
PC 134). The effect! of increasing PC content on the rim.
ability of PC/cardiolipin vesicles to bind Ca'" are ,
exemplified by the normalized Scatchard plots of Z
Fig. 3. Vesicle concentration in the flow dialysis -1_0
assay was adjusted so that all preparations bound - o 0 4 12 I6 20 24 28
equivalent amounts of the input Ca2* . Ca2* loss (Ce 2 ÷J]/(CAROtOlUPNJ (WdO)
from the upper chambcr was thus equivalent in all
assays. (The norm.lized Scatchard plot for a given Fig. 3. Scatchard plots for Cal' binding to PC/cardiolipin
vesicle composition was independent of the con- vesicles of varied composition. All measurements utilized
centration of vesicles in the assay (data not shown).) the protocol of Fig. 1. Vesicle concentration in the assay
Binding constants for the family of curves generated was adjusted so that all preparations bound similar amounts
by increasing the PC: cardiolipin ratio from 1: 1 to of Cal (cpm/cpm, - 0.44 0.10 (S.D.) for fractions

11-13). The PC :cardiolipin mole ratios and the cardiolipin
16:1 are summarized in Table 2. The apparent K0  concemrations in the assays were, respectively. 2:1 and
of the higher affinity site increases monotonically as 79 yM (U), 4:1 and II XuM (A), 8:1 and 130,UM (A).
the mole fraction o1 cardiolipin in the vesicles is 12:1 and 156p#M (0). and 16:1 and 180 '4 (f). Data
decreased. In contrast, the number of hilh-affinitv were analyzed as outlined in Fig. t.
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(C.3 j/ (CAROIOLIPINj (A 102) Pig. 5. Effect of pH on the ability of adriamycin to displace

asses through a Fig. 4. Effect of 3driamycin on Scatchard plots for the Cal' from PC/cardiolipin (4: 1) vesicles. The experimental
o4:.inte:raction of Cal' with* ..atrd ioiipin -containing veils procedure~was that outlined in the legend of Fig. 2. Rest,!tý.

ratof of 1. The upper chamber contained PC/cardiolipin (4: 1) vesicles are shown for two! w.ies of vesicle preparations. The sym-
equivalen tf 95tM cadoipn dnmcnwe bols indicate the average values, the bars the actual values.

Scathar plts euivlen to 5 W carioliin.Adranycn, henobtained.Scarcinhart plots. present. was added to the upper chamber prior to the
ctedin he pes.vesicles: (C0) no adria±mycin: (0) 70OpM arinamycin; and

IM adriamycin (A) 36 pM adriamycin. Simitlar results were obtained in a
les theC binding f total of twelve runs with adriamycin concentrations in pH- incatased the efficacy with which adriamycin
merits made at between 20 and 48 gNIM. The protocol utilized was that of was able to displace Cal* from cardiolipin-containing
ions using the Fig. 1. except that, as outlhaed in Materials and Methods. vesicles (Fig. 5). pH changes in this range had no
flt 1), and for I buffer flow through the lower portion of the chamber was detectable direct effect on Ca2+-cardiolipin inter-
:d preparation increased. This hastens the attainment of steady-state levels action (data not shown).
r Of high affin. of "Ca* in th~e effluent stream and reduces loss of label
arkedly by the fromn the uppcr chamber. Diata analysis as for Fig. 1. DSUSO
stoichiome~ry
n (r =--0.993 the vesicles by adniamycin. No increase in th~efluore- Unilamteftir vesicles formed from PC and
ent K0 for the scence of entrapped 6-carboxyfluorescein [431 was cardiolipin intera~cted with Ca2* with apparent high
!r, unaltered. induced by the drug. affinity. The interaction cant be attributed solely to
-disruption of An attempt was trade to assess the role of the the cardiolipia in the preparations since no Call

adriamycin amino-radical in inhibition of Cal*- binding by control vesicles prepared from PC only
cardiolipin interaction in this system. Vesicles were was detected (Fig. 1).
formed and adriamycin effects subsequently deter- The Scatchard plots for the interaction of Caz+
mined at pH 7.0, 7.4, and 7.7. The pK, of the amino with the cardiolipin-containing vesicles are concave
group on adriamycin is reported to be ca. 8.0 [441. upward. Plots were analyzed according to Rosenthal
An .ncrease in pH from 7.0 to 7.7 would thus be [421 by assuming the presence of two independent
prediicted to decrease significantly the concentration classes of binding sites. (Alternate assumptions are
of the charged form of the drug. In fact, an increase possible.) Measurements of binding constants for

Table 3. Effect of adriamyein on binding constam for the interaction of
Cal* with PC/cardiolipin (4: 1) weakles

High-tiffinity site Low-affinsity site
Adriamycin
concri K0 K&
(I'M) (AIM) n/CL (mM) n/CL

24 20 ____________________________________

Expenment I
6.16 0.099 70.2 42.1

'/cardiolipin -20 6.94 0.061 7-45 1.23
tnts utilized -28 8.74 0.056 200.0 8.
in the assay 36 6.66 0.038 2.57 1.31
lar amounts 44 6.89 0.029 0.A5 0.47
)r fractions .. Experiment 2
eardiolipin 5.47 0.106 28.2 17.5
Y. 2:1 and 28 5.8.3 0.q68 10.1 5.1
9pM (A). I
(0). Data Data were obtained as outlined in firi. 4 and aveyzed according toi

Rosenthal (421.
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the assumed high-affinity binding site were highly 31P-NMR measurements utilizing concentrated
reproducible: apparent K-0 = 5,57 0.48 tiM; Cal' dispersions of cardiolipin have demonstrated that-

* bound per cardiotipin = 0.101 = 0.007 (four vesicle adriamycin prevents induction of the inverted hex-.
preparations; PC:cardiolipin ratio = 4:1). Binding agonal Hit phase by millimolar Ca2* [48). Whether
constants for the assumed low-affinity site varied the effects of the drug are direct or are mediated by
much more widelv. Some of the variability resulted lipid peroxidation, the inhibition of Ca`" binding to
from the flow dialysis protocol. Data used in esti- the model membrane system examined here may
mating the constants for the iow-affinity site were reflect a similar disruption of inverted phase for. -
obtained late in any experiment. At that point, the marion by adriamycin.

* relative change in free "5Cal* concentration upon An increase in PC:cardiolipin ratio also inhibited
addition of non-radioactive Ca 2 was small (Fig. 1), the high-affinity interaction of Cal' with cardiolipin.
and, thus, subject to enhanced error. In addition, containing vesicles (Table 2). The K0 for the inter.
during curve fitting, substantial changes in the bind- action was increased, and, for PC:cardiolipin ratios
ing constants of the low-affinity site resulted in rela- greater than 4: 1, the number of Ca2 ÷ bound per
tively minor alterations in the shape of the resultant cardiolipin was decreased. We have reported that, in
curve. It is clear that the data support the presence a two-phase organic extraction system, PC decreases
of a second binding component with a K9 for Ca2÷ only the stoichiometry of Ca-*-cardiolipin inter.
in the millimolar range. Further comments on that action [34]. We suggested that this inhibition, by
site, however, are unwarranted at present. The a phospholipid reported to stabilize bilayers [49),
remainder of the discussion focuses on the high- implicates inverted structures in Cal÷-cardiolipin
affinity site. interaction. In the liposome model system, an effect

Ca 2"-cardiolipin interaction was inhibited by ofPC:cardiolipin ratio on surface charge densityand
adriamvcin at concentratuons as low as 10 .M (Fig. thence on apparent Ko would also be expected.

48 5). Binding of adriamycin to cardiolipin has been Superimposition of these two effects may explain the
reported to be primarily electrostatic in nature failure of Serhan etal. [31, 321 to observe cardiolipin.
(45, 461, although the complex is stabilized by stack- mediated Ca2* uptake in liposomes containing 5
ing interactions between the anthracycline rings of mole percent cardiolipin or less. "
adriamycin molecules bound to the same cardiolipin The stoichiometry of high-affinity Ca 2l binding in
[91. Adriamycin substantially alters the apparent K0  these experiments approached a maximum value of
fcr Ca÷-cardiolipin interaction in a two-phase 0.1 Ca ÷/cardiolipin for PC/cardiolipin (4:1)

* organic extraction system 35 l. We therefore vesicles. It was increased somewhat less than 2-fold
expected that adriamycin and Ca " would compete upon addition of A23187 which allows Cal.÷ access
in mis model for the negatively charged cardiolipin to cardiolipin in the internal leaflet of the bilayer.
headgroip. The data in Figs. 4 and 5 and Table 3 This value is still low compared to the 1:1 binding
run contrary to that expectation. Adriamycin stoichiometry reported for dispersions of cardiolioin
decreased the stoichiometry of high-affinity Cal+. in the presence of excess Call 127, 34). Interaction
vesicle interaction. but the apparent Ko for the inter- of cardiolipin with Ca2-+ may thus, not surprisingly,
action was unalteied. Furthermore, the inhibitory be constrained by incorporation of the lipid into a
potency of adriamycin was increased by an increase bilayer.
in pH from 7.0 to ?.7. Changes in pH in this range Attempts to increase the stoichiometry of high-
had little effect on the ionization of the phosphate affinity Call binding by decreasing the PC:cardio-
groups of cardiolipin as evidenced by the absence of lipin ratio below 4: 1 were not successful. Ca2+ bind-
detectable changes in Ca"* binding. It can therefore ing to these vesicles was decreased markedly (Table
be proposed that the uncharged form of the 2). At the same time, for PC/cardiolipin 1:1
adriamycin molecule inhibited more strongly than mixtures, vesicle yield after Sephadex G-50 gel fil-

*the conjugate acid in this model system, possibly as tration was reduced. Schiefer et al. [501 reported
a result of hydrophobic interactions of the anthra- an inability to measure consistent ESR spectra for
cychne ring with the bilayer. sonicated vesic!es prepared from cardiolipin only.

A pK, value of approximately 8.0 has been Vesicles with high cardiolipin content may, thus,
reported for adriamycin in dilute solution [44]. differ qualitatively from vesicles containing higher
Although the pH of the bulk solution was variel mole fractions of PC. Neither phosphatidylethan-
between 7.0 and 7.7. in these e'•perinments, it can be olamine 137) nor monogalactosvldiglyceride [511,

Sargued that the pH adjacent to the surface of the both of which spontaneously assume inverted con-
negatively charged. cardiolipin-containing vesicles figurations, will form vesicles.
was appreciably lower. In effe-ct. all adriamycin in If Ca *.cardiolipin interactions are to be con-
the region near the membrane would be in the amino. sidered physiologically meaningful, they must occur
radical form. Alternative explanations for the effect at cytosolic Calt concentrations. The apparent K0
of pH on inhibitioin of Cal*-vesicle interaction by for the high-affinity interaction of cardiolipin-con-
adriamyc~n should therefore be considered. Pietrom. taining vesicles with Cal* determined in this study
gro et al. (471 have reported that increased pli, in fell between 2.7 and 10.7 iuM, depending on
the physiological range, promotes the spontaneous PC:cardiolipin ratio (Table 2). This value can be
formation of adrianiycin free radicals. The experi- compared with the KO determined from initial rate
ments reported here were conducted in air. Per- studies for the electrophoretic Ca-* uptake system
oxidation of vesicle lipids either by adriamycin free of mitochondria (2 uM: [331) and with the KO for
radicals or by' activated oxygen species may thus have Cal" of the mitochondrial Na'/Ca:-`exchange sys-
mediated the inhibition, teni (l riM; 1521).
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0 ~ Determinants of Deoxygelucose Uptake in Cultured
Astrocytes: The Role of the Sodium Pump

N. Brookes and P. J. Yarowsky
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Baltimore. Mfarv/and. U.S.A.

Abstract: Glucose utilization in primary ccll cultures of reduced in bicarbonaie-free solution. At high (HCO,-1.
mouse cerebral astrocytes was studied by measuring up- (SO mM) uptake was insiuive to pH (pH 6-8). whereas
take of tracer concentrations of [1-H12-deoxyglucose at low [ HCO3 -, 1c5, m.0) uptaket was markedty pH-dc.
(fHJ2-D3G). The resting rate of glucose utilization. estd- pendent. Elevationof jK j3, from 2.3 mM to 14.2-20 mM
mated at an extracelfular K- concentration (1K J,,) of 5.4 (corresponding to extremes of the physiological range of
mAf. was high (7.5 omol gluco!e/mg protein/min? and was [K*].) resulted ins a 35-43%7 increase in ['HJ2-DG uptake

* similar in morphologically undifferentiated and "differ- that was not affectied by culture age or by morphological
entiaced" (dibutyryl cyclic ANMP-pretreatcd) cultures. differentiation. Our results indicate a high apparent rate
Resting uptake of ['H]2-DG was dep.es~cd by ouabain. of glucose utilizaionn in astrocytes. This rate is dynami-
by reducing [K 1.. and by cooling. These observations callyi esoonsive to changes in extraceilular K* concen-
suggest that resting glucose utilization in astrocvies was tration in the phsysioiogicai range and is partially depen-
dependent on sodium pump activity. Sodium pump-dc. dent on sodium pumpaczivity. Key Words: Deoxyglucose
pendent uptake in 2-3-week-old cultures was about 50% uptake -A strocytits-Potassium -Sodium pump.
of total (3HJ2-DG uptake but this fraction declined with Brookes N. and Yarowsky P. 3. Determinants of deox-
culture age from I to 5 weeks. Uptake was not affected yglucose uptake in cultured astrocytes: The role of the
by changes in extraccilular bicarbonate concentration sodium pump. 1. aVesnochem. 44, 473-479 (1985).
([HCO, j. in the tangc of 5-50 mM but Was significantly

Neuronal activity in the CNS is communicated to metabolism and its dependence upon [ K~ arc not
neuroglia by a net escape of potassium sufficient to known. There is evidence that the proportion of
raise extracellular potassium concentration. total CNS energy metabolism attributable to glia
[K *]1, by as much as several millimolar and to de- may be large. For instance. Na4 .K*-ATPase ac-
polarize the glial cell membrane (Kujfflcr and Ni- tivity, expressed per urit weight of protein, is
cholls. .1966. 1976). The potassium signal stimulates greater in bulk-isolated glia than in neuronal pert-

* glial energy metabolism measured by a number of karya (Medzihradsky et at.. 1972). and antidromic
criteria (Hertz. 1976; Orkand et al.. 1973,- Somjen stimulation of inverebraLe ganglia leads to a pref-
et al., 1976; Pentreath and Kai-Kai. 1982). Although erential accumulation of [3 H12-deoxyglucose
it is presumed that glial energy metabolism pri- ([3 H]2-DG) in glia (PLntreath and Kai-Kai. 1982).
marily reflects activity of Na*,K*-ArPase (Hertz. Thus. factors that 2[fect glial energy metabolism
1976; Yarowsky and lngvar, 1981). the actual con- may also exert an important influence on regional

* tribut~on of Na* .K *ATPase activity to glial energy energy metabolism. in the brain.

Received April 3. 1904; accepted July 16. 1994. N-6.2'.O-Dibutyryl cy'clic AMP: 2-DG. 2-Deoxyglucose;
Address correspondenice and reprint reques;% to Dr. Neville fiICOI-l.. Extraceildar bicarbonate ion concentration;

Brookes, Department of Pharmacrioi.'y und Experimental Ther- IIEPES. N.2-l-4ydmuy iplperazine-N'-2-ethanesuitonic acid:
apeutics, University of kjarylzind School of Mcdocine. 6,60 W. [K *,. Extracellularpwaswum ion cowcentration. MIEM. Mod.
Redwood Street, [Jalitmore. MD 21201. U.S.A. ifed Eacle medium a* ).X-AT11trs. Sodium, and potassium

Some preliminary results of the rescarch de,~cribcd here were ion-stimulated adentamin tr~phosph~ataw PIPES. I .4-Pipera.
Prvosycommiuniciitcd (Yiirowsky and !Srookes. 19X21. zincdiethancsultomiac ll.

Ab/prev~usitms ,t.wed: IISS. Uh*lanced suits solution: dhcAMP.
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Studies of the sodium pumrp in ncuroglia have not KHPO, 0.22. glucose 25. N.2.-hydroxyethylpipernzine-
fully clarified its functional role. Electrophysiolog- N'-2-ethanesulfonic acid (UIEPES) 20 at pH 7.3, a.dusted.-

* ical studies of glia in the optic nerve of Neclurits to 345 mOsm with sucrose. Four hemispheres were
by Orkand et al. (1981, demonstrated a strophan- minced with iridectomy scissors and then dissociated to
thidin-sensitive electropenic sodium pump fol- form a cell suspension in 10 ml of modified Eagle medium
lowing sodium loading by potassium depletion, but (MIEM: Cat. 320-1935. Gibco) by repeated passage

lowngthrough the tip of a Pasteur pipet. The suspension was .
there was no evidence of sUch clectrogenic pump screened sequentially through 80-im and 0-tLm pore ,
activity under normal conditions. Cummins et al. nylon screening (Nitex). Aliquots of this suspension (2-
(1979a.b) used high concentrations of [3H]2-DG 3 x 10-f, cells/dish) were then distributed to eacn of 24
(0.1- 1 mM) when measuring the effect of varying culture dishes (35 mm. Nunc) that previously had been
[K '], on [3H]2-DG uptake in cultured rat astro- coated with acid-soluble calf skin collagen (Calbiochem)
cytes. Their observed effects of (K *].I, appeared to and had been equilibrated in the incubator with I ml of
be dependent on dcoxyglucose concentration and MEM containing 15% fetal calf serum (Flow Labs). The
they found no effect of ouab-iin. in low concentra- nutrient medium was replaced with 1.5 ml of MEM con-
tion (10 l.LAM), on (3H]2-DG uptake. This concentra- taining 15% fetal calf serum after 3-4 days and subse-

* tion of ouabain (10 lAI) is probably insufficient to quently twice weekly. The cultures were incubated at 34-
itia th o abarocye d)ium pumpab insuient ar36.5"C in a water-saturated atmosphere of 10% CO,/90%
Inhibit the ast.rocyte sodium pump (Sweadner, air. The cultures grew to a confluent monolayer in 7-12
1979). On the other hand. Walz and Hertz (1982) days by proliferation of a small fraction of the cell inoc-
found that uptake of '2K' by astrocytes was sub- ulum that initially attached to the collagen-coated sur-
stantially reduced, although not abolished, by oua- face. Identification of the cell population as astrocytes
bain. was based on the characteristic "pavemented" appear-

49 In the present study, we used [-H]2-DG as a glu- ance of the monolayer under phase-contrast optics (Ki-
cose tracer (Sokoloftf et aL.. 1977) to estimate the melberg, 1983), the observation of astroglial filaments by
rate of glucose utilization in primary cell cultures electron microscopic examination of sample cultures. cy-

of astrocytes derived from the cerebral hemispheres toplasmic retraction in virtually all cells after exposure .
of newborn mice. Our purpose was to measure the to dbcAMP, and the presence of high-affinity glutamate

uptake quantitatively similar to published values (N.
extent to which glucose utilization in this system is Brookes. unpublished observations: Hertz et al.. 1978).
determined by (K *]J, IHCO, - ,. p)H. and sodium The occasional batches of cultures in which sparsely scat-

* pump activity. We also studied the effect of culture tered oligodendrocytes were present on the astrocyte
age and of morphological *'differentiation" of the monolayer (McCarthy and deVellis. 1980) were used for
astrocytes by exposure to dibutyryl cyclic AMP experiments, but infrequent batches in which patches of
(dbcAMP) (Shapiro. 1973). It was previously dem- fibroblasts appeared (Kimelberg. 1983) were discarded.
onstrated in astrocyte cultures that oxygen con- ([H12-DG uptake
sumption is enhanced by high [K'],, (_20 mM: Immediately before uptake measurement the nutrient
Walz and Hertz. 1983). and that very high [K'1 0 (50 medium was replaced with three changes of a balanced
mM) increases the rate of CO, production from glu- salt solution (BSS) which was a modified Hanks' (rM:
cose (Yu and Hertz. 1983). Oir results support the NaCI. 91; KCI, 5.4: NaHCO1. 50: CaCl.. 1.3; MgSO,,
notion that sodium pump activity is a major deter- 0.81; KH,PO,, 0.44: Na,HPO4 , 0.34) or Earle's (aM:
minant of resting glucose utlization in glia. They NaCI. 110: KCI. 5.4: NaHCO3,. 50: CaCI,. 1.3: MgSO, 4-
also establish that elevation of (K'], in the physi- 0.81; NaH-PO,, 0.78) formulation containing 5.6 mM glu-
ological range can cause art unequivocal stimulation cose. 20 mM HEPES (pH 7.3), 0.001% phenol red, and -
o of glucose utilization to levels above the resting sufficient sucrose to adjust to 345 mOsm. Potassium andbicarbonate concentrations were changed by isosmotic
rate. substitution of NaCI for KCI and NaHCO,. The glucose

MATERIALS AND METHODS concentration and osmolariiy matched those of the nu-
trient medium. Tracer IIH12-DG (2-[l.2-)Hldeoxy-o-glu-

Cell culture cose, 40 Ci/mmol, New England Nuclear) was added
Astrocyte cultures were produced by established (final concentration of 2-DG approximately 20 nM) and

methods for obtaining pnmary cell cultures from CNS the cultures incubated at 34-34.5*C in a 10% CO.,90%
tissue of mammalian neonatcs. r*he predominating cell air atmosphere for 20 min. Uptake was terminated by
type in cell cultures derived front cerebral hemispheres washing with four changes of ice-cold BSS. The astro-
of I-day-old rats or mice is the atroglial cell (Booher and cytes were then lysed with distilled water and the IH
Sensenbrenter, 1972: Schousboc ct al.. 1976: McCarthy content of the lysate measured by liquid scintillation
and deVellis. 1980). counting. The value of uptake rate in each experiment is

The cerebral hemispheres supeificial to the lateral ven. the mean cpm of )FI/dish/20 min in triplicate or quadru-
tricles were dissected from the brains of I-day-old plicate cultures. The SD of the mean is used to indicate

* ub:(ICR) random-bred mouse pups toccasiunally used the scatter of uptake values measured in individual cul-
at 2 days old. or at 19-20 days gestational age) and the tures, whereas SEM is used to indicate the scatter of
meninges were removed completely. The dissection of the mean uptake values determined in replicate experiments.
tissue was done in a cold. Ca- ;nd Mg. -free solution Protein content was detcrmined by the method of Lowry
containing (mM) NaCI 140. KCI 5.4. Na.HPO, 0.32. et al. (19511 in sample culture batches, yielding a mean
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valluc of 75 I.Lg (=9. SEIM. n = 4) In confluent Cultures The nutrient mewdium on batches of cultures subjected
that did not change significantly with age aiter conflu- to *'dbcAMP pretre-2tment" was replaced with serum-

S1c ence. Using this value. *in uptake of 1.000t cpni/dish/20 rrec NlEM containing 0.1 iM4 dbcAMP on day 7-10.
to min corresponds to 0.66 pmol l'H12-DGS/ing protein/ but before full confluence of the monolayer. The cultures

IM 20 min. %vcrc used 5-7 days later. during which period the mod-

2 e FigUre IA show,; that tinder normal conditions of in- ified medium was exchanged once. This treatment ap-
; I bat~on in modifiej Hlanks' I3SS. the rate f[H2D peared to halt cell proliferation and the protein content

re (ltake remained constant throughoutithe 20-mmn incu- Of the Cultures was reduced by approximately 507% comn-
.ation period. The concentration of glucose (5.6 muM) pared to untreatedi control cultures (see Results).

uwed in this study was sufficient to saturate (he uptake
process (fig. I1B). In experiments in which ['1412-DG tip.-EUT

In take was stimulated by sodium pump activation (Ya- R-UT
rowsky, Wierwille. Boyne. and Brookes. in preparation) -Gute
the rate of washout of 3H- tracer from ['H 2-DG-loadcdle cultures was only 9.4% in 20 min. and approximately 90%1 Estimates of glucose utilization in control and
of the accumulated radioactivity in the astrocv~cs was dbcAMP-pretreated 22-day-old cultures were made
determined, by anion-exchangc chromatography, tf) be in by direct comparison of (3H]2-DG uptake (in
the form of ['11,2-deoxyglucose-6-pho,,phatic. Earle's BSS, pH- 7.3. 34.5*C) and protein content

To estimate a rate Of glucose uLAIZaulon from IllH12- DG within the same culture batches. Protein content of
-take data. it was assurned-that the cpmn ol 'H- taken up control cultures was 75 = 9 ýLg (SEM. n -4) as

.. a culture, expressed as a fraction of total cpm in the compared to 35 t 2 ý±g fotr dbCAMP-pretreated cul-
C intcubation solution (typically 0.1 -0.21 in 20 min). was tures. Glucose utilization was similar for both con-

equal to the fraction of available glucose utiized. The ditions. with an estimated value of 7.2 :t 0.7 nmolnecessity for correction of an cstimate derived in this way glucose/mg protein/mmn (SEM. n =6) for controls
is raised in Results and Discussion. and 7.9 = 0.7 nmol glucose/mg protein/min for
dbcAMP pretreatment dbcAMP-preireated cultures. These estimates are

The question of whether a cell culture system accu- subject to correction for any differences in the
ICrately reproduces in vivo cell functicon can be answered values of K. and Vn, between 2-DG and glucose

only by an accumulation of much comparative data. Ro- for the rate-limiting step in uptake (presumably
i2:nt astrocyte culture systems of the type used in the phosphoryiation by hexokinase). Sokoloff et al.

esent study have been shown to preserve .many differ- (1977), concluded that this correction was the major
itiated astroglial functions (eiwdby Kimilcrg

r 1 ;83), but gross morphological differ eniation of the cell Is part of theic "himped constant" determined for rat
)f is usually suppressed in the nutrient medium required for brain .in vivwo. If the correction in the present study

proliferation. Removal of serum and addrtion ot dbcAMP was similar to Sokoioff's lumped constant. it would
to the medium induces a form of morpho'logical differ- approximate~y double the above estimates of glu-
entiation in which the cytoplasm reti acts and the cells cose utilization.

Idexhibit numerous fine radiating processes (Shapiro. 1973: Contribution of sodium pump activity to
Hertz et al.. 1978). Some of our uptake experiments were [H2-Guak

repetedin sch difereniatd" cltues.[K']. in brain is spatially and temporally vat-i-

A ~able, but the basal level of 2-3 mild (Somjen et al..A 100 1976) is lower than in either Hanks' or Earle's BSS
1000.(5.4 mM). which reflect plasma. Thus, in attempting

c utable to sodium pump activity in -resting" astro-
4 8 12 16 20cytes, BSS with a reduced (K*] of 2.3 mM was

examined in addition to the regular formulation.
B Three methods were used to disable the sodium

pump: ouabain. reduction of [K']10 below 0.5 mM.
C 0^&" -and temperature reduction.

Table I shows that 'mM ouabain approximately
halved [JfH{ 2-DO uptake in 14-19-day-old cultures
at normal Ilk"), (2.3-5.4 mM), whereas ouabain

0 was without effect when [K']. was too low (0.2
rAJCOSI 4u mM) to support sodium pump activity (Glynn and

FIG. 1. A: Time course of (31-12-OG uptake in astrocyte cut- Karlish. 1975). The effcct of reduction of MKI. on
lures. Each value is the mean 2: SO of three or four cultures. t11-i]2-DG uptake was quantitatively similar to the
13: Effect of glucose concentration on uptake of l't412-OG in effect of ouabain. and these experiments also re-
astrocyfe cultt'res. The ratio of labelled l3Hl2.OG.mol of glu-
cose (i.e., -specific activity*) was kept constant in the uptake vealed a dcpetdence on culture age (Table 2). While
solution. Each value is the mean SEM of three experi' 60% or more of 2-DO uptake was pump-dependent
ments. in cultures between I and 2 weeks old, this fraction

J. N~gecirt'i,.. Vtd. 44. Nu. 2. 191(5
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TABLE 1. Ihitbition nf/3`1112-DG uptake by otiwbuin too0
I niM (it var-ting (K/I,, in 14-I19-dna'-old cudiures eiAi16w. 54MK -.-.

[K-1. % Reduction in Il-HI2-DiG uptake 0

(MAI) by ouabibun I MAI

0.2 - 5.9 =7.5 (2)
2.3 -S51.2 = 3.1 (9)' 0

54-4. = 3.3 (7) 0.2niM K'7

Values are means ::SENI "or the number of experiments 0
shown in parentheses.20

D~ifferent from control. p < 0.001 (Student's Itest, paired
data).

0L

fc~l to a low as 2 % at 4-5 week . Th s re ult ug- FIG. 2. Effects of decreasing tem perature on the uptake of

gest tht sdiumpum-reatedgluoseutilization 1-112 DG in astrocyte culiures at normal (5.4 mM) and re-
gest tht sdiumpum-reatedgluoseduced (0.2 mM) potassium concentration. Each value is the

at rest may be a property of immature astroglia and mean ± SO of five or six cultures.
mray decline with maturity (but see Discussion). Th
decline in the fraction of~ pump-dcpendent uptake
with age reflected an absolute decline and not an Effects of [HCO3-1. and pH
increase in the amount of pump- independent up- The BSS formulations used in this study were
take. This was shown by the lack of significant modified to contain 50 mM HCO3 in conformity
change in resting O3H]2-DG uptake from days 12- with the nutrient, medium but in excess of the
15 to days 26-32 (+6.9 = 12.9%. SEM. n = 3) in normal CSF level of about 20 mM. In an early ex-
the series I experiments in Table 2. and by the gen- periment, [)H12-DG uptake was observed to be
eral absence of any correlation between resting much reduced in Hanks' BSS containing the stan-
(3H]2-DG uptake and culture ace (after confluence) dard [HCO3-I of 4.2 mM. However. the pH of his
in our exeiet.solution became acid in the incubation atmosphere

The third approach was to inhibit energy-depen- of 10% C0490% air and it was not clear whether
dent processes by cooling. In Fig. 2 it can be seen uptake changed as a function of [HC03fJ0 , pH, or
that IK]10-independent (5Hj2.DG uptake changes both. Figure 3A shows the results of an attempt to
little from 34.5 to 22.1C. whereas (K+]Jdepen- vary (HC 3 i at constan wHerte disfculties of
dent uptake falls sharply from 58% of total uptake buffering high [HCO03 ei wr icusdb
at 34.50C to zero at 22. 1*C (17-day-old cultures). Eagle (197 1)1. The incubation atmosphere during
Thus all three methods of disabling the sodium uptake in the two lowest [HCO 3 I solutions was air.
pump yielded results that are consistent with ap. and the pH of all solutions was monitored imme-
proximately 50% of glucose utilization in -resting" diately before and after uptake measurement.
2-3-week astrocyte cultures being attributable to Under these conditions (31112-DG uptake did not
sodium pump activity, alter significantly with [HC0 31-0] in the range 5-5O0

mM, but there was 22% less uptake at 0 mM. when
compared to 50 mM. Uptake was not pH-dependent -

in the range of pH 6-8 at (HCO, ] of 50 mM. but
TV !LF 2. Decrease in percentage oflJKI*,,-dependent it was markedly pH-dependent in HCO3,-free so-

('H1-DGuptke ith ge n cdtue - lution (Fig. 3B). A fall of I pH unit from pH 7.8 to

Contr- Reduced 75 Deres in t'I-D uptak 6.8 was associated with a 42% reduction in 13H12-
[K*I. [K' a reduced I K*1 DG uptake in HC03 -free solution. A similar pH

Series (mMW) (mMr) compared to control dependence was also observed at (HC0 3 -1. of 4.2
(12-1S days) (19-22 days, 126-32 days) mM (standard Hanks' BSS). In other experiments

1 2.3 0.2 - 6.3 3.9 -24.4 =6.7 - 20.2, = 9 examining the effects of pH- values ranging from 5.0
in - 31 111 - 3) (n - 41 to 8.4, peak sensitivity to pH change was observed

I 2. 0.4 (9-I11 daysi (16-17 d~ays) in the rangepH657.I . 0.4 -58.1 :: 1.3 -4Z.4 = 2.6pH 6 -..
in - 5) In - 101 Effect of increasing (K+I,

(10- 11 d3YS1 416- 17 diy (10-29 days)
111 5.4 0.1 -67.2 = 1.5 -52.0 = 3.6 -43.S : 4.8 We were particularly interested in measuring the

tn - 2) (n - 8) In - 41 extent of the increase in [3H]2-DG uptake that oc-
vales re ean 5C. i aeiesI. arc.edculure ~ ~ curs when [ K * ] is raised from its basal level (2.3

baich were samp~led &t intervals o( about I *tekl. Series It and Hti coon- mM) to the upper extremes of the physiological
pared Irouped data from different culture batches. ,Vwie: 'HI2.DGUptake range, such as might be associated with seizure ac-
It 0.,2 or 0.44 mM was not different (rum uptake in 055 coatiumnsn [K'I tivity (14.2-20 mM1, (Stewart and Rosenberg. 1979;
0 MAI [mean diffterence was + 5.6 = 4 CA ISEM. n -51 for uptake of
lK-1 0.44 m.Wcomparmed to (K*10mf.4Wconftrolil. Walz and Hertz. 1983). Higher levels of 1K1 0. ap-

.1. Nevn-unowr.. Vud. 44. So. 2. 194$
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reuptaed(. t3he-difeec ewe uptake at [25K 98 ( SM

200 paiof . Man K of 0.44 mesu) wihTbe niats toatal

7.2 7.2 72 blocked ak by ouabain. wherewas bny2%ofn [out
" ' ' tiuatduptake (i.e. .the difference between uptaea -[',

0 2 take at [K'],,of 14.2 mM and [K'j,,of 2.3 mM) was
11<03-1 (-Iblocked by ovabain (I mM). Howeve-r, this may not

oaf FIG. 3. Effects of (A) varying (HCO2 -J at constant ptH and (8) be a true reflection of the contribution of the sodiume. varying pH at constant [HO0f I on (3H12-DG uptake in astro- pump to [K*10 -stimulated uptake because elevated
re cyte cultures. The pH ranges shown at high IHCO,-l reflectP

measurements made at the beginning and end of the 20-mmn [K',, antagonizes the action of ouabain (Glynn and
uptake period. Solutions were buffered with HEPES (pH 7.3 Karlish, 1975) (see Discussion).

-- above) or PIPES (20 mM). Values are means = SEM of
jr experiments (open columns) or means =SO for five or dbcAMP pretreatment
( cultures (filled columns). 'Different from value at 0 mM Reports of a transient elevation of Nal,K"-

re [HCOfI, p < 0.01 (Student's t test, paired data): "different ATPase activity in cultured astrocytes exposed to
IV tram value at pH 6.8. p < 0.001. dbcAMP (Kimelberg et al., 1978). and an appar-

'IC ently more sustained elevation of Na4 ,K'-ATPase
Ix- after serum withdrawal (Schousboc et a[., 1976)

)aparently are seen only in association with spreading suggested that these treatmnents, which also cause
n- cortical depression (Somjcn et al.. 1976). Figure 4 morphological differentiation of the astrocytes,
Its shows that uptake increased 35.2 = 4.7%~ (±t SEM, might affect glucose utilization.
l'a n = 21) at a [K'],, of 14.2 mil and 43.1 t 7.1% The experiment shown in Fig. 5 directly corn-

,,rI= EM.n = 8) at 20 mMl. but that the increase pared the [K "]1 dependence of [3H]2-DG uptake in
,.)ras not observed at very high ( K ' I. When , hese control and dbicAMP-pretreated cultures within the

to * ita were broken aown according to culture age. same batch of 17-day-old cultures. lb express up-
of no age dcpendence of the effect of c'cvated [ K "]1 take as cpmlmJig protein, we used the average pro-

lywas revealed. For example. uptake in mfatched cul- tein contents of sample control and dbcAMP-pre-
lures from the same batch studied after 12--I1 days, treatcd cultures given at the beginning of Results.

r.19-22 days, and 26-32 days was greater by 47.55%, It is clear from Fig. 5 that the form of morphological
-48.5%. and 44.4%, respectively, at a [K'] 0 of 14.2 differentiation produced by exposure to dbcAMP

It. mMf than at 2.3 mM. does not significantly affect t'H-]2-DG uptake and
)tWe were not able to determine with certainty how its response to fK '1,,. In three such experiments,.0 much of the [K '] 0-stimulatcd increase in j'HI]2-DG

n uptake was attributable to increased sodium pump
it

0 144

I) .20

02 4.08

FIG. 4. Effect of increasing potassium concentration on the
uptake of 13H-12-oG in astrocyte cultures. Percentage114
changes are related to uptake at the control [K1l of 2.3 mM, lIK* IWMe

Kwith the exception of the highest concentration (hatched FIG. 5. Potassium dependence of (1`112-OG uptake In mor-
column) which rotates to a 5.4 mm control. Each value is the phol,)Uicaity unstsffeimated cultures (open columns) and In
mean = SEM for the number of experiments shown In pa- cultures that had beean exposed to serum-tree medium con-
rentheses. 'Different from control, p < 0.001 (Student's ittest. taining dbcAMP (0.1 mM~l for the final 7 days of Incubation
paired data): p < 0.01; p < 0.02. (filled columns). Vallues arei means = SO of four cultures.

J. NruMc,6iM.. Vol d. No. 2. 199S
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uptake was 34 , 9% (SEM) greater at IK+],, 14.2 The decline in the fraction of pump-rela.cd (31H12- 1- TI
* mM than at 2.3 mM in control (17-21-day-old) cul- DG uptake with culture age reported here may re- m;

tures as compared to 27 = 2% greater in dbcAMP- flcct a quantitatively similar decline in Na",K+.-
pretreated cultures, and these increases were not ATPase activity in mouse astrocytcs between 2 and sc
siznificantly different in size. 4 weeks in vitro as reported by Schousboc et al. 7f

(1976). It is, however, by no means certain that this
trend is a function of cell maturation. as the sameDISCUSSION investigators found that elimination of serum from

The contribution of astroglia to glucose utiliza- the nutrient medium promoted metabolic ditferen-
tion in the CNS during neurunal activity as mea- tiation while also elevating Na+,K+-ATPase ac- F
sured by the deoxyglucose method (Sokoloff et al.. tivity. In the present study morphological differen.
1977) has not been determined. Other measures of tiation of the astrocytes did not lead to any dimi-
the energy metabolism of astroglia, such as oxygen nution in pump-related [3H]2-DG uptake.
consumption. have shown it to be high and roughly The effect on [3H]2-DG uptake of increasing ex- . r
equal to that of neurons on a wet weight basis tracellular [K*] from 2.3 mM to 14.2-20 mM (35-
(Hertz, 1978). We used cell cultures to examine the 43% increase) is by no means trivial in comparison
determinants of glucose utilization in astrocytes. as with the commonly observed range of variation of
this system makes it possible to study a population neural energy metabolism. For example, thiopental
"of undamaged mammalian glia in isolation. anesthesia reduces rat cortical glucose consumption

The apparent rate of glucose utilization we men- by about 45% (Sokoloffet al.. 1977) and strychnine
* sured in astrocytes was remarkably high (75 p.mol produced a maximal 90% increase in [e'H]2-DG up-

glucose/I00 g wet weight/min. assuming protein take into cultured spinal neurons (Brookes and
content to be 10% of wet tissue weight) and com- Burt, 1980). The results of Cummins et al. (l979a,b)
parable to values for rat gray matter in vivo (So- are not directly comparable because they measured
koloff et al.. 1977). Although it is clear that this [3H]2-DG uptake in glucose-free solutions con-
apparent rate requires correction for differences in taining high concentrations of 2-DG (0.1-! '.w-
kinetic constants between the ['H]2-DG tracer and and they did not examine the low end '• .. ph,'s-

* glucose, the value of the "lumped constant" cor- iological range of [K+],. In addition. shape of
rectiorn determined by Sokoioff et al. (1977) sug- the tK*], dependence curve for [3H]2-DG uptake
gests that this is likely to be an upward correction. was different at each of the four 2-DG concentra-
Our value of 7.9 nmol/mg proteinin for glucose tions they studied. Only at the highest of these con-
uptake appears compatible with the V ;... for 2-DG centrations (1 mM) does the shape of the curve ap-
uptake obtained by Cummins et al. (1979a) in mor- proximate the [K÷]0 dependence of 13H]2-DG up-
phologically differentiated rat astrocytes at 37"C take reported here.
(12.6 nmollmg protein/min). although it should be Because of the known antagonism between KV
noted that in their experiments only about half of and ouabain, our finding that little more than one-
the [3H]2-DG taken up was phosphorylated. quarter of [K ••.-stimulated uptake was ouabain-

We were particularly interested in quantitating sensitive must be considered only a minimum esti-
the response of astroglial energy metabolism to ncu- mate of the contribution of the sodium pump to this
ronal signals. Na+,K÷-ATPase activity is high in response. However. the implication of the results
astroglia and the sodium pump seemed to us a likely of Walz and Hertz (1982) is that 1 mM ouabain
energy-dependent target of modulation by ionic and should maximally inhibit the sodium pump in mouse
neurohumoral signals released from neurons. We astrocytes even at the elevated [K*]o we studied -
found that about 50% of (3Hi2-DG uptake is attrib- (14.2 mM). We did not pursue this problem by
utable to sodium pump activity in 2-3-week-old as- raising the concentration of ouabain above I mM
trocyte cultures. Walz et al. (1984) recently re- because of doubts about specificity of action at very
ported only a slow decline of membrane potential high concentrations. The work of Walz and Hertz
(about 0.7 mV/min) in ouabain-inhibited mouse as- (1982) and of Kimelberg et al. (1978) makes it clear
trocytes and no evidence of clectrogenic sodium that uptake of ' 2K" or "Rb* into astrocytes at
pump activity at rest. Although these findings are moderately elevated [K*], is only partially oua-
in accord with what was seen in Necturus optic bain-sensitive. Thus it remains possible that, in our
nerve glia (Orkand et al., 1981). they offer little clue study, elevation of [K÷]o stimulated t3H]2-DG up-
to the functional role of the substantial sodium take by a mechanism not totally dependent on so-
pump-dependent glucose utilization that we report dium-pump activity.
here. Other possible aspects of sodium pump in- In considering the role of the sodium pump as a
volvement in astrocyte energy metabolism at rest determinant of astrocyte energy metabolism and its
relate to the Na* loading that occurs as a result of responsiveness to neuronal signals, it was important
Na*/H* exchange and Na+-dependent uptake of to know whether the sodium pump was functioning
transmitters. at near-maximal capacity in resting astrocytes.
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Therefore we -attcmptcd to quantitate thc effect of (1951) Protein measurement waith the Folia phenol reagent.[ maximal sodium pump activation on [3H-12-DG up- J. iul. C/tern. 193.26M-275.SmtC.B.DidnL.
L take. Using the carboxylic ionophorc monensin to SavaM.Fiki D.J..Sch aipeW.H..antSmilWL18th C. B. tvity L.

sodim-lad he strcyts. w mesurd tree todependent energy metabolism in rat posterior pituitary pri-
fourfold increases in [3Hj2-DG uptake, these arc the Trarily reflects sodium pump activity. 1. VettroKhent. 34,

_subjtcc of a companion study (Yarowsky. Wier- 213-215.
__:lc Boyne, and Brookes, in preparation). McCaiit..y K. D. and deVidlts J. (1980) Preparattoat of separate

astroglial and oligodendrogfial cell cultures from rat cerebral
tissue. J. Cell /liu/. IS. M9-902.
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1. INTRODUCTION

Thyrotropin rcleising hormone (TRH, thyroliberin. pG1u-I-lis-ProN.-l,) was
the first hypothalamic releasing hormone to be structurally characterized (Boler
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130 David R. Bun

et al., 1969; Burgus et at.. 1969). At•hough its best-known actions are on 1he
anterior pituitary gland. where it stimulates release of thyrotropin (TSH) and

prolactin. TRH has a wide distribution in the central nervous system (CNS) and a
variety of central effects. both of which suggest that it has a more general role as
a neurotransmitter or neuromoduLaor (mvieved in Collu et al., 1979; Emson,
1979; Yarbrough, 1979; Breese & al., 1981; Jackson, 1982). More recently,
evidence has accumulated for tthe -.prmce of and actions of TRH in the gastroin-

testinal tract as well (reviewed in Moriey, !979; Dolva et al., 1981).
Within a few years of the discovery of TH, binding of radioactive TRH :o

apparent receptors in various pituitay preparations was reported (Grant er al..

1972; Labrie et al., 1972; Gourj et aL, 1973; Hinkle and Tashjian, 1973).
Later, similar binding was repormd in the CNS (Burt and Snyder. 1975). This
chapter will examine the evidence th binding sites for TRH are receptors,
review in detail the methodology of these studies, and consider briefly selected
recent results and unresolved questims related to TRH receptors.

II. EVIDENCE THAT BINDING SITES
ARE RECEPTORS

The key element of any receptor binding study is the demonstration that
binding sites am receptors. The usual criteria for rateptor identification include
saturability, kinetics, distribution, and most importantly, pharmacology (Burt,
1978; Hollenberg and Cuatrecas.. 1979). These criteria reduce to the question
of whether all properties of the binding are appropriate for a receptor and take the
form of correlations of binding with response. Proof is never absolute, but the
probability of a binding site's being other than a receptor can be made very
small. For TRH. evidence for recepor identity of binding sites is excellent in the
pituitary and somewhat weaker in the CNS.

A. Pituitary Gland 4

The initial demonstration of binding of [3HITRH to plasma membranes of the
bovine anterior pituitary gland (Labhe ef al.. 1972) provided only limited infor-
mation relevant to receptor identifk:iiuw saurability, with an equilibrium dis-
sociation constant (K0 ) of 23 nM; reversibility of most saturable binding. with a
half-life of 14 min; enrichment (40-fold) of binding in the pla.ma membrane
fraction; and specificity of binding viA respeot to a variety of other hormones or
peptides. While these properties we istent with the binding sites' identifica-
tion as TRI- receptors, they do not efininate all other possibilities.

7
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7. Pituitary and CNS TRH Recep•on 131

B. Pituitary Cell Lines

More definitive evidence came from studies with TSH-secreting or prolactin-
secreting pituitary cell lines derived from tumors in mice or rats. The major
advantages of these preparations are their relative homogeneity, ease of growth,
and enrichment in rec ptors-, their generally low levels of external peptidases
degrading TRH (Hinkle and Tashjian, 1975a), so that binding to intact cells
under physiological conditions may be readily observed; and the ease with which
their physiological response, hormone secretion into the medium, may be mica-
sured for correlation with the binding. Some of these advantages are shared by
primary pituitary cell cultures (Vale et al., 1976), a hetcrogencous mixture of
presumably normal cells.

The initial study of Grant et al. (1972) used plasma membranes of TSHI-
secreting mouse pituitary tumors and provided information comparable to the
studi-s in the bovine gland (Labrie et al., 1972), that is, saturability (apparent
K. about 40 nM at O'C), reversibility, and specificity. A more detailed follow-up
study (Grant eta!.. 1973; Vale er al., 1973), using cultured cells from one such
tumor, correlated abilities of a variety of TRH analogs to compete for binding of
[3H]TRH (at Ot' with their abilities to stimulate TSH secretion (at 37*C). An
excellent correlation was obtained. However, binding sites appeared to be het-
erogeneous, so L'=at not all competition curves were parallel, and half maximal
receptor occupation required about 10.f1.'d more TRIt or analog than half max-
imal response. 'ix latter problems did not seriously "•ract from the strength of
the pharmacological co-relation data, which were far tco good to attribute to
chance.

Similar studies were canrred out in a prolactin-secreting rat pituitary clonal cell
line (GH3 ) by two groups. Hinkle and Tashjian (1973) and Gourdji ef al. (1973)
made basic observations on kinetics and specificity relative to nonresponding
cells, while Hinkle et al. (1974) obtained detailed pharmacological data on 26
TRII analogs varying over four orders of magnitude in potency. As with TSH
secretion, the abilities of the analogs to compete for binding correlated excel-
lently with their abilities to stimulate prolactin secretion (or inhibit growth hor-
mone synthesis. another effect in these cells). Although [3HITRH binding sites
.ppcared to be homogeneous in G113 cell membranes, there wa.'n again an appar-
ent discrepancy in absolute potencies for response versus binding, for example,
half maxima: stinulation of prolactin secretion occurred at 2 nM TRH while the
K. of binding at 0"C in broken cells was 2.5 nM. This discrepancy was reduced if
binding was performed al 37C in intact cells. Under these more physiological
conditions, the K. was II nM. Notably, the pharmacology of binding to prolac-
tin-producing cells (lactotrophs) appeared to be very similar or identical to that
earlier reported for binding to TSH-pioducing cells (thyrotrophs).

The data summarized above convinced virtually all workers by 1974 that the

!.t
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binding of [:1I ITRII to pituitary nmemnbrancs represcnts TRI I receptors. A lhough
more recent data, mentioned in Section V,A, have complicated the picture some-
what. they have not called into queui this basic conviction.

C. CNS

Discussion of pituitary TRH receptors in a series devoted to neurobiology is
justified not only bccause the TRH wtich activates these receptors originates in
neurons but also because the best evidence for receptor identification of CNS
binding sites for [3H]TRIH is their close similarity to the pituitary sites. Correla-
tions of binding with response in the CNS are much more difficult than in the
pituitary gland, so that detailed indimet comparisons of CNS binding with pitui-
tary responses have assumed grezatr importance in receptor identification than
much more limited comparisons with CNS responses.

The first report of the existence o(pituitary-like high-affinity binding sites for
[3 H]TRH in rat brain (Burt and Supyer. 1975) offered relatively little evidence
for receptor identification. These sites represented only a small proportion (i 5-
20%) of total binding, and their properties were largely obscured by a large
excess of lower-affinity sites (Ko approximately 5 1±M). The best evidence was
their pituitary-like affinity (K,, approximately 40-50 nM) and their pituitary-like
preference for the 3-methyl-histidyl analog of TRH [(3-Me-His 2 )TRH

McTRII) over TRH. a preference which was later found to parallel MeTRH's
greater potency in producing shaking behavior (Wei et al., 1976) and exciting
frog spinal motoneurons (Nicoll, 1977; Yarbrough and Singh, 1979). (A number
of other analogs appeared to have similar relative potencies in sheep pituitary and
rat brain, but it was unclear how mod of this similarity reflected competition for
the low-affinity sites.) Additionally. fte high-affinity sites appeared to be very
few in the cerebellum, a brain region known to be reiatively devoid of TRI-like
Ammunoreactivity (Oliver et al.. 1974, Winokur and Utiger. 1974).

Experimenters turned to sheep as a larger species in which more discre:t CNS
regions relatively enriched in hindi,•g would yield adequate tissue for detailed
examination. Both retina (Burt. 1979) and nucleus accumbens (Burt and Taylor,
1980a) proved to be rich enough in receptors that specific high-affinity binding
represented over half of the total. This, permitted detailed comiparisons with
pituitary receptors. In both CNS regions, the affinity and kinetics of binding
closely resembled those in the pituitay gland. More signifi:antly, a variety of
TRH analogs exhibited parallel poenics in competing for CNS and pituitary
binding. The only exceptions werm shwwo to be due to residual interference from
saturable, low-affinity binding sites. abenr in pitiitary.

The presence of apparent TRH receptors in the mammalian retina was con-
sistent with descriptions in most labs of the presence of TRI I-like immunoreac-
tivity there (Schaeffcr ct al.. 1977; Bramnmer et a!., 1979: Kcllokurupu et a!..
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1980: Martino eaal., 1980a,b,c; Busby etal., 1981b; Girard et al., 1981; but see
* Eskay eial., 1980). Similarly, the presence of high concentrations of receptors

in the nucleus accumbens was consistent with early ininiunohistochemical stud-
ies (H~kfelt e ,i. 1975) and fairly extensive behavioral evidence (Miyamoto
and Nagawa, 1977; Heal and Green. 1979; Miyamoto et al., 1979; Heal et al.,
1981; but see also Costail et al., 1979; Ervin eral.. 1981). This type of evidcnce
is suggestive at best.

O A number of problems remain in the identification of CNS TRIH receptors.
Although the close resemblance of pituitary-like CNS binding sites for [3H'TRH
and t-HINVeTRH (see below) to pituitary receptors argues strongly that the CNS
sites are also receptors, they may not be the only type(s). This problem is
discussed further in Section VA. For present purposes we may note that several
TRH analogs I ve much greater behavioral potencies than their endocrine poten-

*cies would predict (e.g.. Breese er al.. 1975; Prange et al., 1915; Co.t e al..
1976; Veber etal., 1977; Bissette et al.. 1978; Nutt e al., 198 1), suggesting that
at least some CNS receptors do not resemble those in the pituitary. A better
explanation may be that these analogs, because of lipid solubility or peptidase
resistance, have relatively enhanced ability to get to CNS receptors, that is, the
differences reflect the blood-brain barrier and/or the brain's high concentration

* of peptidases. (The pituitary gland is outside the blood-brain barrier and has a
different spectrum of peptidases.) Another problem is the imperfect conrclation
between reported ievcls of TRH-like immunoreactivity in various brain regions
and their content of putative TRH receptors. This problem is complicated by
questicns about the specificity of TRH radioimmunoassays (reviewed in Busby
et al.. 1981a: Leppailuoo et al.. 1981) and by species differences in receptors

• (see Section IV,B). The major discrepancy is in the hypothalamus, which is
highest in TRH content (Jackson and Reicnlin, 1974) but fairly low in receptor
binding in most species (Taylor and Burt, 1982). This type of discrepancy may
be ascribed to the fact that much hypotnalamic TRH is destined for export.

In conclusion, neither the existence of analogs with enhanced CNS potency
relttive to their apparent binding affinity nor the existence of apparent discrepan.

*cics between concentrations of TRI! and TRH rcceptt.rs in certain brain region.
scriou.ly weakcns the identification of binding sites for [ 3

1IITRH and
[1 IIJMeTRH in the CNS as TRH receptors based on their resemblascce to pituitary
receptors. The question of the existence of other types of TRIt receptors, not
measured in current binding studies, remains open.

1l1. METHODOLOGY

Many laiboratories have measured TRH receptors, especially pituitary recep.
tors, employing a var.ety of conditions. This section will attempt to identify keyO

0
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diffecrcnccs ainiong labs and to recommnicd useful conditions based on the au-

thor's own experience.

A. Ligands

Most studies to date have used [3HIfTRH. labeled in the praline residue, long
commercially available from New England Nuclear. Boston. Massachusetts.
Preparation of (3HJTRH labeled in the histidine residue from iodo-TRH has also
been described (Pradelles ei at.. 1972). Note (hat 12-5!-labeled TRHI, althouieh
useful in radioimmunoassay of TRH, is rot useful in receptor binding because
the iodine lowers the affinity. The preferred ligand for many future studies will
be f3H]Mel'RH- because its apptoiximately eightfold higher affinity for identified
pituitary and CNS receptors give lower blanks than f(3HITR 1-. Its binding prop-
erties appear to be otherwise identical. Taylor and Burt (1981b) describe its
preparation and purification fromn a dehydroproline precursor (see also Felix el
al.. 1977). and Taylor and Burt (1981Ic) and Simasko and 1-orita (1982) describe
its hinding p-operties in the CNS. It is now commercially available from New~
England Nuclear (catalog number NET-705).

Like other peptides, TRH tends to adhere to glass. The usual remedy is to add
0.!-1% bovine serum albumnin or other carrier peptide to all solutions. Addi-
tional remcdies, usijally unnecessary in routine binding assays, include siliconiz-
ing all glass surfaces and/or using plastic ware.

Licand solutions should usually be stored frozen. Even though this may in-
crease radiochemical decomtposition compared to storage at 4'C. the reduction of
spontaneous hydrolysis of [3HTRMH and I'F{IMeTRH. to say nothing of possible
bacterial growth in some solutions. more than compensates for this.

Radiochemical purity of (3HITRII or f3HIMeTRH may be readily checked by
thin layer chromatography. Taylor and Burt (1981b) list Rr values for MeTRH on
nine solvent Fystems; TRH has been run in these and ma11ny more (e.g.. lBoler et
al.. 1969; Bauer and Lipmann. 1976; Youngblood et ta!.. 1978; Kellokiimpu er
al.. 1980). A good system is chloroform-methanol -ammonia (5:3: 1) on silica
gel G. Impurities in (3t1ITRH (and [3fIjMeTRH-) can be removed by ion ex-
chinge chromatography on Sephades SP-25 (McKelvy. 1975). Hig~h perfor-
inance liquid chromatography (e.g.. Jackson. 1980: Kellokumpu et tit.. 1980;
Spindel and Wurtman. 1980; Busby etal.. 1981b) may presumably also be used
for purity checks and purification. although these applications have not yet been
described in the context of liguid. pitrity. These methods may miss possible
raccrnization of amino acids during lig~and preparation. The latter type of im-
purity ma-y be dlected by checking the susceptibility of the ligand to specific
pptirlnases (%cc Section II.F): ad he rtmoved by antibody affinity chromatogra-
phy tTaiylor and Dun. 1981b). The specific activity of small quantities of
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['II]TRII or [3IIjMeTRH may be checked by dezcrmining reccptor biiiding pa-
raometers (affinity and capacity) from saturation and competition curves run in
paralicl. Both types of experiment should give the same results.

B. Tissue

Tissue preparations used for TRH receptor binding have varied from crude
homogenates (e.g., DeLean et al., 1977; Burt and Taylor, 1982a) to purified
plasma membrane fractions (e.g.. Labrie ei al., 1972; Grant et al.. 1972). The
former offers the advantages of direct conversion of results to receptor conccntra-
tion in the original tissue without problems of variable recovery or extent of
purification, and ease of preparation, while the latter offers greater freedom from
possible i*tcrfering substances (peptidases, endogenous TRH. ions, etc.) and

0 lower blanks. Of course, direct binding to intact cultured cells under phys-
iological conditions offers the best opportunity for correlations with responses
(e.g., Gourdji et al.. 1973; Htinkle and Tashjian. 1973; Gershengom, 1978).
Such a system is not yet available for the CNS.

The author has observed an appreciable loss (20-40% or so) of receptor
binding in many tissues subjected to a single freeze-thaw cycle, suggesting use

* of fresh tissue whenever possible. Refrigeration overnight may give better retcn-
tion of binsding than freezing. Time considerations thus dictate choice of a simple
preparation. Most of the author's work (e.g., Burt, 1979; Burt and Taylor,
1980a, 1982; Taylor and Burn, 1981a,b. 1982) has used total particulate fractions
(resuspensiuns), which take little longer to prepare than homogenates yet still
reduce concentrations of soluble intertering substances. Centrifuging homoge-
nates (glass-glass or Brinkmann Polytron) for 20 to 30 min at 30,000 g in ionic
medium (e.g., 20 mM sodium phosphate buffer, pH 7.4) sediments essentially
all receptor binding sites. With incubations at 0*C (see Section I1,E), surprisingly
high tissue concentrations may be used and still preserve linearity of binding with
tissue. The author routinely uses resuspensions equivalent to 50 mg wet
weight/ml (5%). Such high concentrations reduce the relative contribution to
blanks from binding to the filter but usually demand a small incubation volume
(e.g., 50 W.1).

C. Blanks

• Nonradioactive TRtl or an analog has to be added to a portion of cacti sample
to compeie for binding to receptors. Binding that remains is termed the blank and
consists of saturable or rionsaturabie binding to nonreccptor sites, including the
filter uscd for %cparation, and counting background. The biank is subtracted fromn
total binding for that sample to obtain specilic or receptor-associated binding.

0

0
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Correct choice of the conccntration of peptide to add to blank tubes (this cc
centration is often referred to as "the blank," which thus has a dual meaning)
critical in the CNS, in which J-HIJTRH and, to a much lesser extent. [311]MeTp
bind to saturable low-affinity sites as well as identified receptors. Too lo"
concentration will not compete for all receptors: too high a concentration %
compete for some of these other sites. In the first case, specific binding wil!
erroneously low and in the second erroneously high. A useful rule of thum
requiring knowledge of the IC,, (concentration of peptide inhibiting specil
binding by 50%). is to add about 100 times the IC50 as blank. The author h
used I p.M MeTRH or 10 MM TRH in most work. The choice is less critical
the pituitary gland, in which most workers have added a 200-1000-fold mol
excess of nonradioactive TRH compared to [3H)TRI]. (Note: This manner
specifying the blank without reference to the Ko or IC50 is not generally appr
priate: see Burt, 1980b.) The concentration of TRH in blank tubes should

much higher (e.g., I mM) if examination of lower-affinity binding sites
desired.

D. Buffer and Ions

A variety of buffcr systems support binding to TRH receptors. The pit o
timum is near 7.4, but the curve is quite broad (Ifinkle and Tashjian. 1973). P
dramatic effects of added ions on this binding have been reported beyono
general inhibition at higher concentrations (Labrie et al., 1972. Hinkle a,
Tashjian. 1973). Similarly, addce EDTA has little or no effect, suegesting I
hidden requirements for divalent cations. The cited results have been obtained i
pituitary preparations: the author's laboratory has obtained similar results in tl
CNS (Sharif and Burt. 1983d). With crude resuspensions from rat amygdal
incubated with (31HIMeTRH a 0"C, highest binding was obtained with 50 m
HEPES-NH5 buffer in the absence of added ions. Adding 10-100 mit NaC!
KCI progressively inhibited binding by 15 to 25%. Divalent cations, Mg-`
Ca" ", and Mn 2-*. listed in order of increasing potency, progressively inhibiti
binding by 50% or more. The reductions in binding by ions appeared to reflect
decrease in number of sites (8 ,,u), suggesting that ions affect folding or a
gregation of membrane fragments, that is. receptor availability to the ligan
Perhaps because of the crude nature of the membrane preparation in these expet
ments. there was no clear (but minor) enhancement of binding by low concentr
lions (0-2 maM) of Mg 2 + or Ca2-+ as reported earlier in the pituitary (Labrie
al.. 1972; Ilinkle and Tashjian. 1973). The author has used 20 MAm sodiu
phosphate buffer. pH 7.4. in most of his work. Results are comparable to tho
with I IEPIES and phosphate buffer has a much lower temperature coefficient at
is cheaper. Tris-1I-i and a "'physiological" buffer (Krebs-Ringer bicarbonat
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yiCldCd a-l prcial'ly lower biliding than either I II 'PIS or !pho.p1 hatc. allhough
* some workers have used Tris (Ogawa et al.. 1981. 1982). Of course, a phys-

iological medium of some type is presumably most appropriate when studying or
comparing binding to intact cells.

E. Temperature and Time

• Most studies of TRH rceptor binding to broken cells have been performed at 0
to 4*C, most studics in intact cells at 3"TC. Some reasons for this dichotomy are
obvious: Intact cell studies have used pituitary cell lines with little or no cxtcmal
peptidase activity, so that more fully physiological conditions arc attainable.
while homogenization releases intracellular pcptidases. whose actions are slowed
at 0°C. Pcptida-se-s degrading TRH are particularly a problem in CNS prcpara-

• ltions (see next section). virtually dictating the use of low temperature incuba-
tions. There is another reason for 0C incubations in broken-cell pituitary prepa-
rations-it works better. Both the affinity and number of binding sites appear
lower at higher temperatures (Hinkle et al.. 1980). This temperature dependence
of binding was not evident in intact cells. The reasons for this difference are
obscure but may be related to the reported temperature-dnpcndent conversion of

O occupied receptors to a mcre stable form (Hinkle and Kinsella. 1982), a much
slower process in broken cells.

Surprisingly, there is a strong temperature dependence of (3tIMeTRH binding
to rat brain membranes even in the range of 0 to 10°C, as recently nowcd by
Simasko and Horita (1982) and confirmed in the author's laboratory. Thus, even
slight elevations of temperature above 0°C appreciably lower the apparent af-

S1 finity of binding under conditions such that little ligand is degraded.
The time to equilibrium depends on the temperature as well as the ligand

concentration and affinity. [l-HJTRH binding to intact cells at 37"/C reaches
apparent equilibrium in 15 to 60 min (Gourdji et al., 1973; Hinkle and Tashjian,
1973; Gershengorn. 1978). ['IIITRH binding to broken cells at 0*C takes at least
O3 min for equilibration (Labric et al.. 1972), while binding of [n oIIMeTRi Ito
broken cels at 0*C may take as long as 6 hr to reach full equilibrium (Simasko
and Horita. 1982).

F. Peptidases

CNS tissue preparations are very active in degrading TRII and many of its
analogs. Enzymes known to be involved include a soluble deamidase or post-
prolinc cleaving enzyme (Bauer and Lipmann, 1976; Prasad and Peterkofsky,
1976; Taylor and Dixon, 1976: lersh and McKelvy, 1979; Rupnow et al., 1979;
Andrews ct al., 1980; Griffiths et al.. 1980; Tate, 1981). which removes the C-

O
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terminal amide, can be reduced by using washed particulate preparations, and is
inhibited by diisopropyl fluorophosphate or bacitracin (McKelvy et al.. 1976)
and a particulate pyioglutamate aminopeptidase (Prasad and PeterkofskT, 1976;
Griffiths et at.. 1980), which breaks the first pepuide bond and is inhibited by
benzamidine. Pituitary preparation contain similar enzymes (Bauer and Klein-
kauf, 1980), although the deamidase activity is much less prominent.

It would clearly be desirable to find conditions under which these and other
TRH-degrading enzymes could be completely inhibited without adversely affect-
ing TRH receptor binding. Attempts in the author's laboratory to find such

conditions have not yet succeeded. Fortunately, the expedient of running incuba-
tions at 0°C is a ready alternative which appears to yield improved binding
unrelated to the great slowing of ligand degradation, as already mentioned. Use
of more specific inhibitors of the various enzymes or of a ligand incorporating
modifications which reduce peptidase susceptibility (e.g., Friderichs ei al.,
1979; Brewster e. al.. 1980) could permit receptor binding incubations of broken
cell CNS preparations at physiological temperatures some time in the future. For
the present, even quite h~gh concentrations of CNS resuspensions can be incu-
bated with [3HjTRH or (JH)MeTRH for several hours at 0.C with only minimal
ligand degradation. This should be checked periodically by thin layer chro-
matography. Parallel incubations using higher ligand concentrations in much
smaller volumes, which arc spotted directly on the origin, can be used for routine
checks, since the relevant enzymes have Km values in the micromolar range.

G. Filtration

Several different filter types have been used in TRH receptor binding assays,
including various types of glass fib-r filter (e.g., Whatman GF/A. GF/B, or
GF/C) or cellulose nitrate membrane (e.g., Millipore type HA, 0.45 ý.m). In
addition, some assays of intact cells have separated bound radioactivity by cen-
trifugation or by merely rinsing the cells while they were still attached to the
culture dish. The author has used Whatman GF/B filters to separate bound
radioactivity in most of his work because these filters give complete retention.
are relatively cheap and easy to hmdle. and have a high tissue capacity. They
have the disadvantage of binding relatively more I 13tTRU or (3HIMeTRH than
some of the thinner glass fiber lilfesrs or cellulose nitrate filters, but the latter
retain less tissue, handle less easily, cost more, clog more easily, or possess a
combination of these drawbacks. Schleicher and Schuell No. 30 or 32 glass fiber
filreri have been found to give results fairly comparable to Whatman GF/B at
reduced cost (but also reduced ease of handling). Filtration is performed under
vacuum suction on some form of sealed suppot system, which can range from a
Gooch crucible to a commercial manifold. The incubation mixture is rinsed ento
the filter with several further rinses of chilled buffer or saline solution. The entire
process should require less than 10 sec/sample.
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11. Solubilization

" There has been only one report of the solubilization of TRH receptors (Ilinkle
and Lewis, 1978), and even there success was limited. Pituitary receptors were
solubilized in 1% Triton X-100 after binding [3H]TRH and partially charac-
terized by column chromatography at 0°C while the TRH-receptor complex was
slowly dissociating (balf-life = 2 hr). The unoccupied receptor appeared to be
inactivated by all detergents examined, a finding repeated in the author's lab for
CNS receptors (W. A. Wolf and D. R. Burt, unpublished) and agreeing with
earlier evidence for an important role of lipids in receptor conformation (Bardcn
and Labrie, 1973).

I. Visualization

Autoradiography of [3HITRH bound to pituitary tumor cells (Gourdji et al.,
1973) and direct visualization of a fluorescent TRH analog bouid to viable cells
(HT-!pern and Hinkle. i;9l) have been used to localize sites of binding. Several
groups have described autoradiography of P3HJMeTRH bound to CNS TRH
receptors (Palacios, 1983; Sharif et al., 1983b; Pilotte e( al.. 1984).

IV. SELECTED RESULTS

This section will consider certain results with TRH receptors that have meth-

reviewed more extensively elsewhere (Burt. 1980a; Burt and Taylor, 1983).
Certain aspects of earlier results in pituitary preparations have also been rc-
viewed (Martin and Tashjian. 1977; Tixier-Vidal e( al., 1975, 1979).

A. Sources of Receptors

The richest sources of TRH receptors in the laboratory are various pituitary
cell lines: Prolactin- and thyrotropin-producing lines both have about 100,000
sites/ccll (Hinkle and Tashjian, 1973; Gershengom, 1978), equivalent to about I
to 2 pmol/mg crude membrane protein (Hinkle et al.. 1980). The three richest
sources of TRg! receptors identified to date in nature are the sheep anterior
pituitary gland, rat retina, and guinea pig amygdala (Burt and Taylor, 1982;
Taylor and Burt. 1982), each of which binds (3HJMeTRH equivalent to about
0.2 to 0.4 pniol/ing crude membrane protein. Considering their hetcrogencity,
these natural sources come surprisingly close to (within a factor of 5 to 10 or so
of) the pituitary cell lines in TRH receptor content. No binding sites clearly

I. ... . I~ l a l ll I II II I I I , , , ~ ~ , r l ~ ,, , , ,~ i . . .. . . . .
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idcritiabf c as TRII receptors have yet been detec:cd outside the pituitary or
CNS, although there is considerable low-affinity binding of [3HJTRH in the liver
(Burt and Snyder, 1975).

B. Species Variation

Dramatic species variations in ft absolute and relative concentrations of TRH
receptors in the pituitary and CNS regions have been reported (Burt and Taylor,
1982; Taylor and Burt, 1982). Variation is most dramatic for the retina. Whether
these variations have any functional implications remains to be seen, but they do
suggest caution in making gmeralizations from results in only one species. No
such variations have been nepored for the affinity or pharmacology of TRH
receptors. Indeed, TRH recepwr binding ;n birds (Thompson et al.. 1981) and
fish (Burt and Ajah, 1984) ;apeis to have properries very similar to that in

" '" mammals.

C. Regulation

The endocrine status of an saiol is clearly of concern in measuring pituitary
TR H receptors, whose numbers are regulated by peripheral hormones. Extensive
experimentation in viva and in wir. has shown thyroid hormones to reduce TRH
receptors in parallel with the reduction in pituitary response (DeLean et al.,
1977; Gershengorn, 1978; Peronne and Hinklc, 1978; Hinkle er al.. 1981;
Hinkle and Goh, 1982). Esnogm increase pituitary TRH receptors at the same
time responses to TRH are enhanced (Dean et al., 1977; Gershengom et al..
1979). Interestingly, both types ofregulation seem to occur in both thyrotrophs
and lactotrophs. TRH also dan-qegulates its own receptors in vitro (Hinkle and
Tashjian. 1975b; Gershengom. 1978). Other hormones can affect pituitary TRH
receptors in vitro as well (Tash.ia e al.. 1977). Recent results suggest that TRH
down-regulates its own recepbos in the spinal cord in viva (Sharif et al., 1983a).
Efforts to deiect possible in vivo regulation of CNS TRII receptors by estrogens
(Burt and Taylor. 1982; Tayikoand Burt, 1982) and by thyroid honnones (D. R.
Burt. unpublished results) haw been unsuccessful to date. These negative results
parallel those for brain TRH lvels (Kardon et al., 1977). Amygdala kindling
decreases TRH receptors in the aMygdala and elsewhere (N. A. Sharif, D. R.
Burt. P. Feigenbaum. and G. Buterbaugh, unpublished results). Other factors
regulating TRtI receptor levels have not yet been identified.

D. Membrane Perturbatie

The rwcrurh.nion of TRII recepwr binding. generally inhibitory, by phys-
iologic:l concentrations of iO has already been mentioned (Section 111.D), as
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have (he effects of tcmpcralum in broken cell prparnt(ions (Ilinkle et al., 1980;Section 1ll,E) and of treatments affecting lipids (Barden and Labrie, 1973; Sec-

tion lIt,H). A most interesting perturbation is the change frc.n intact cells to
broken cells, especially washed membranes. Considering the major change this
represents in the environment of the receptor and that it generally includes a
temperature change (37 to 0C), results in the two types of preparation have been
"surprisingly close, at least for binding affinity and pharmacology. In intact
pituitary cells on culture dishes at 37*C, reported K0 values for binding of

S. 3[H]TRH have ranged from about 4 to 5 nM (e.g., Gershengom, 1978) to abcut
"10 to 11 M (Hinkle and Tashjian, 1973; Hinkle et al., 1980). In pituitary
membranes at (PC. 'I4, values have ranged from about 10 rM (Hinkle et al.,
1980) to about 40 aM (e.g.; Grant et aL.. 1972; DeLean etal., 1977; Burt, 1979),
with many reports close to 2.5 nAf (e.g., Labri et al., 1972; Grant et al., 1973;

S......'' . Hinkle and Tashjian, 1973; Taylorand Burt, 1981 a.b). Thus, there appears to be
at most a f'efold decrease in [3HJTRH binding affinity in going from intact to
broken cells. A similar decrease may occur when cells are merely detached fromtheir support (cited in "ixier-Vidal et al., 1979). Decreases in apparent bia~ding

capacity (B.,) arm less (perhaps 30%) (Hinkle and Tashjian, 1973; Hinkle et
al., 1980), but them are marked and complex changes in dissociation kinetics
between intact and broken cells (Hinkle etal., 1980; Hinkle and Kinsella, 1982).
The effects of other types of perturbations, for example, sulfhydryl reagents.
have also been described (Ogawa et al., 1982; Sharif and Burt, 1983b, 1984).
The most interesting recent result is the modulation of binding by substance P
(Sharif and Butt, 1983c) and benzodiazepines (Sharif er al.. 1983c).

5 .o- *i! V. UNRESOLVED QUESTIONS

In spite of motm than 10 years of study, there remain many unresolved ques-
tions about TRH receptors. This section will consider just two wnich are closely
related to tinding measurements.

A. Heterogeneity
In the anterior pituitary gland. TRH receptors exist on at least two types of

cells. thyrotrophs and lac:otophs, and control at least four responses, acute

*1 release and increased synthesis of TSH and prolactin. There may also be effects
on mitosis (Pawlikowsi et al., 1975). It is not clear that all these responses
employ the same receptor. Two reports (Dannies and Tashjian, 1976; Dannics

*. ... ;.-. -and Markell, 1980) suggest that the pituitary's usual preference for MeTRI I does
"not extend to stimulation of short.term (2 hr) prolactin release in culture. This
"pharmacological distinction suggests a distinct receptor type, which should be

I

.. = -.. " I
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detectablc in binding studies. Results of binding studies have been equivocal.
Although there have been a few reports of two classes of high-affinity [-IHJTRH
binding site (Gourdji et al.. 1973: Grant et al., 1973), most experimenters have
seen only one (e.g., Hinkle and Tasjian, 1973, 1975; Burt, 1979). Scatchard
plots of the binding of [3HIMeTRH to pituitary preparations have also appeared
linear (e.g., Taylor and Burt. 1981b; Thompson et al.. 1981; Burt and Taylor.
1982). It is possible that some responses to TRH do not involve surface mem-
brane receptors detected in these binding experiments (see Section V,B), or that
the number of receptors involved is relatively small.

In the CNS, TRII receptors presumably exist on a variety of neuronal types in
many locations and control a variety of responses by at least several mechanisms.
Thus, it seems unlikely that ther is only one type of CNS receptor for TRH.
Binding studies to date have identified clearly only a single receptor type, which
closely resembles pituitary receptors (e.g., Burt and Taylor, 1980a; Taylor and

: Burt, 1981c). Measured at 0"C. these sites have a K. of about 25 nM for
[3H-TRII and about 3 nM for PlH-MeTRH. Additional binding sites exist for
both ligands: Rat brain has numerous PH1TRH binding sites with a Kr) of about
5 1.LIl, (Burt atld Snyder, 1975). while goldfish brain has numerous PH]MeTRH
binding sites with a K. of about 15 0.. (Burt and Ajah. 1984). in both cases,
there is little data to suggest that the low-affinity sites represent receptors. Partic-
ularly worrisome is their low affinity (micromolar range). Reports concerning
monkey and rat brain (Ogawa e al.. 1981, 1982) suggest the existence of two
types of (3H]TRH binding site with K, values of about 5 to 6 and 110 to 130 nM.
but the numbers seem to be based on single experiments analyzed inappropriate-
ly. with no information on the relative size of blanks. These are the only indica-
tions for two binding sites with K. values in the nanomolar range.

There are responses to TRH in the gastrointestinal tract which require near
microinolar concentrations of TRH and have a different pharmacology from the
pituitary (e.g., Furukawa ef al.. 1980; Furukawa and Nomoto. 1983; Tonoue et
al.. 1981). Whether similar responses exist in the CNS, and whether any such
responses have a pharmacology which resembles that of low-affinity binding
sites, remain to be established. The existence of. and problems of interpretation
of. behavioral responses to TRH analogs with a pharmacology distinct from
pituitary responses have already been mentioned (Section ll.C; see also Metcalf
et al.. 1981).

A final complication is the existence of at least one active TRH metabolite.
histidyl-proline-diketopiperazine [cyclo(His-Pro)l, with reported effees both in
the pituitary (Bauer et al.. 1978; Enjalbert ei al.. 1979; Prasad et al.. 1980b; but
see Brewster ef al.. 1980; Laniberts and Visser. 1981) and CNS (Prasad et al.
1977, 1973; Yanagisawa ef al.. 1979; Griffiths et al.. 1981). These effects do
not appear to be mediated through TRH receptors in either locus (Burr and
Taylor, 1980a; Prasad et al.. 1980b). Saturable. binding of [3ll1cyclo(ilis-Pro)
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has hccn dcnionstratcd in adrenal and liver membranes, but nonc was demonstra-
ble in pituitary or brain (Koch et al.. 1982).

B. Response Mechanisms

. .. . Binding studies reveal only the first, or recognition, step of the activation of
-. , TRH receptors. The steps that intervene between TRH's recognition and the

resulting changes in hormone secretion or neuronal cell firing (or animal behav-
ior) remain largely unknown. The best-studied system is the pituitary gland, in
which early studies suggested the possible involvement of cyclic AMP (e.g.,
Poirier el al.. 1972; Dannies er al.. 1976; Barnes et al.. 1978; Naor et al.. 1980;
but see Hinkle and Tashjian. 1977; Dannies and Tashjian. 1980; Gershengorn et
al.. 1980). More recently, the focus has shifted to calcium (e.g., Schrey et al..

- - .. .. ~.... " ..... 1977; Tashjian e al., 1978; Gershengorn, 1980), possibly entering in part during
action potentials (e.g., Taraskevich and Douglas. 1977; Ozawa and Kimura,

-" 1979). Other evidence has suggested the possible involvement of cyclic GMP

(Gautvik ef al.. 1978: Naor er al.. 1980). phosphatidyl inositol hydrolysis (e.g.,
Sutton and Martin, 1982). internalization and nuclear binding of TRH (Bournaud
et al.. 1977). increased endocytosis and exposure of surface glycoproteins
(Brunet and Tixier-Vidal, 1978; Tixier-Vidal et al. 1979), increased, uridine
uptake (Martin et al.. 1978), and tryptophan fluorescence quenching (limae et
al.. 1975, 1979). Most of these phenomena are likely to be secondary or later
effects rather than proximal intermediate steps (Tixier-Vidal and Gourdji, 1981).
-The nominally simple pituitary system is further complicated by the appearance
of TRH associated with pituitary secretory granules (Childs et al.. 1978, 1981).
Some of this TRH may even originate in the pituitary itself (May e al., 1981),
complicating interpretation of the effects of exogenous TRH.

. . Binding measurements have contributed the observation of a lowering of
pituitary binding affinity by guanine nucleotides (Taylor and Burt, 1981a), an
effect often associated with an adenylate cyclase mechanism (Rodbell. 1980).
However. the affinity reduction was less than twofold, obscuring its signifi-
cance. Failure to detect a similar effect in the sheep CNS (Taylor and Burt.
1981 a; Burt and Taylor, 1983) has since been remedied in the rat and rabbit CNS
(Sharif and Burt. 1983a).

Response mechanisms for TRH in the CNS are little explored and little under.
stood. Research has been hampered by the lack of specific pharmacological
antagonists of TRH. although in some cases an antiserum may serve the same
purpose (e.g., Prasad et al.. 1980a). Limited progress has been made using a
biochemical approach. with. for instance, demonstration of effects of TRH on

relcase (Kerwin and Pycock, 1979), acetylcholine turnover (Maltie-Sorcnssen et

.NO



NO .O %0. - -

Z

0 
..

E 3.

__ - . . .coo

* 0 

0 : -U D o

0 - 5 3 0 .aj

0 - co c -. 6

12

S Z,

- ~ q W; 'd .i. 
cy;~- wE 4tl 0t O

~ .~ U2

0 4 11 41)



U- U 2 2

E -= = - >~2ou u~ C'4ueU

00 CL -a :3 E
-0 Q0. I. m - 0 0 t

o .~0l. ~ 3 a - 1- E

L) 00JuA tj. 2~ 4 , 0

u an 's 0 wb

> I*cedv - m

00 as

13 C- ~0 *;-:

qm 0

u 0

64 .0 .i V Q

tC - -

46 - U-

0 E



1ý ~ ~ ~ LU -00,2
0 toc

A ca 0- 
.0-.a

cc a

0y o ; 0 .1 o

ci C0 -a. .-
0 0

a LZ 
0-- b a

u .a *S-A pcL

cc 
't4

0. ca O6=

0 - 4. A

w>

_r aa ca~

ID 4.
EL 0.2~
"E- o a ~ .a'

6 ~R&
00 . ~0U .2

Ix~~i~ Z.a.- 
jV b

o

_ 6-6

ft P _ I- ke c a ~ os 
-

-~ 0-

E A~ A* .0

5 0.2 - " j, 8
40g UItI111 E.8g 241'I> v I. I.1I



0 cc

0 >J

2 u9 Z > 4;-"

O 0C

0 u o0 E
~~ --00 u *w5.. E ~ E~o- u U

*J E u u-~ .

Do 03. a-. CU

~o aCo CC

0 0  0  
45 -

1! ---

- W 0 C Ub o
0. . 0 C L -, . -aU '5ý

0a 0
ýg~,* 5 m 0 u

co .0 cU 0 V> .

0gg

> u

-t3" a 0 c 0

. 0 C O ~ ~ ~ z0Uo 0

uS . ca 0 r-O 0u u
a U _,- !! 1!

J,0 . x u
tJU C r- u '.0 - -

10 1... 0v0

0 U~ -0- 2. zC .
0  

uC 0
: oo u

r- u cc 0 E9

-~ 
n g Zo

C6 Cs 0 "a

ul 4>9 .1e

*0 1!



~E E 0 -m-c 3 C0

47 c u --a E
06 7U

-~~~ Cý u s.

C4i -* 00

0-" 4~~

Rb C~ > 4b c
§t&~~~~ 2L Q !1." Ea3-El~

C6. -c~.ou ~ ~ ~ ae a U~

u0 r-~

S06 OU r0q-

am0

5.

iW 301 or

C4 _q

0u



0, e Eu = 3 *,- 5 -.- t R 5:

~0 E = = S0U U >U an P

z 0 0 r02
-L' -. r2 V) 0 v 3 e

ID~ u 
t

IA~

EC > ft -W

0h 1*- 0- 0 ID 
J.u0 -a~U C

g) to 04-u - uO
r- c., U ba

CD . 05-ý-: ý,= -0: U V- U - E
0, c~ F mO - w

r ~ a w _ -a i-=

u~ ~ a .A0 Lw va - 0 C3 cw

m u'

-. 54.0

.62-1 0~ ~ A . -U

.~c 
0 L . ~0,C '

m -U- .- U' L

W > p Q ,0 U4AL.-

>- .0

- -u0 Lw 0 Do r 0

Lo -c .0 -j 0C P U,.C.Mou

as C4 u _j C.. 0 'A 0

C6 -' 
0 u3 u, 0

C. 0-

<o -= 1!~:U os c 11 " u -S .0

'4,~~ 0 0 U u C U .

L .. E .'U cE c

-5 u m. 0

.- 13 .

.9 -
-a = c~

-.1

es In U

(w > A0 Es- E. vp



c~ u

o u 
0 o:

> 
S En~-I

5u:~.0.0

-5 !:- - U>

UU U a

Q. Za .! n 
XU O - D.

DoC4S~.. 
Z~ A 3 u

0 0 C4 . 0. " Q.2 - u a 'G

- u >

Q u 0 u

* U h

E.o
0.- 0 S 0.fj (

o o

*a to 4A

ca ~
:. a asr~ - '

tj -

2c 
> -0 r- 'i

4 
%-

= H

3 ' - r- - ; -,

(W~~~ 50' ANaE

'u



~-* A 0 O 00
0

0 
0uO PC ca Lo

o.* 0 0 -5 0 W 0 to

= -- > a - .4

Q.,0 ~ - 0 4E_ -3 -!z~ ~3 -- c .

"0 E -4 -1 -> 0~ CA 0 =U 0 -0

0. (I.~-. .-

:z =. -~ - t 5ý: 0 -0
U s 000 ý

Q. 0 m-h= - ' =<= > w

0. v~ 04 o :9u. *Z Adg..E.o

u. ta' U0 0 .4 0 CA ua a.
-,c 00b =9 0E

- 04

00

04 t~a .4 at t: _5 fe r

01.4

.40 0-

C ZC 1C .5 U.

.0.-*

£> C03 t3 6 o u = 0 a

4 'B ' o



- o c- 1 
a1

U> , .- a "

U4 4 ca is

m~ o

00~ ZA C
-~I -

0 .I- ~- 0 
u 

0 0 U0 Z>c~ u

a- 0

u -Z = 6 0N28

0 
4 n 

C , ~ U
h . . ! !-H. - .

~ 00 ~ -D 
--

-L Dor 
0- 

- " ..Y 
U L= -0 0 

0

u 0- 0.
000

m 0 *

00 .1 r- 0 C
->, % - . q E >

0 

,0.0 '.o

1-0

0 C:

E ~ ~ 0.2.0a -2

u 
..-

0 0

o 0 Ei .2161=
00 

0 2

op Ij-, v t'
~ 2 g.2 ~ o

* ~ z,0-8 S. P-2



AJ a A A

CUI J
-C SV

ri

00~
. si~M

ES O*u-; ~
U ~ . fCC .

C ~Q - a -
IS.% 2 78 S

N I~at

(M ie, E

~2 ,

- .ý h
.~ .2. -;S -g t

fi M AI E ci .. Se

S~~~~ A*~dCC 4 k n*r4iei 4i 1;
C4 M en M en e na: c~~i fWO .

~ ~ ~Al
~ ~ Ja

~J 5(~-~ ~ 0

*~-*~O~ J~.. *N~~ ~ goo,.

~* ~ ~~ CW ?5
au 6,

N~~~ ~ 1WRoo 0r 4 (



:k: _. '2

- -;

I~~ "' i-

10 *. 5 j . _lp

ie I ~ =--1 1.4

~ 2 ~ ~ 3 1 NS W;

Wl A



Receptor Binding Methodology and Analysis

DAVID Rt. BURT

University of Maryland School of Medicine, Balti,.ore, Maryland

In: Receptor Binding in Drug Research
(R.A. O'Brien, ed.) Marcel Dekker, New
York, pp. 3-29, 1986.

I. INTRODUCTION 4

II. BASIC MM~ODOL4OGY 4
A. Radioactive Ligend 4
is. Tissue Prsperstion
C.Blank 6
D:0 Competing Drugs 6
I. Othar Addition 7
IF: Incubation I
a. Separation of Bound ItadtoactivityI

lit. U.UIDITART BINDING THEORY 9

IV. TTPU OF KXPZRIMZNTS 10
A. Saturation 10
a. Competition *11
C. Assodallm 12

-D. Dissociation 14
V. ANIALYSIS OF BINDING DATA- 15

A. Scatchusi Plate is
B. iflPIOLS is
C. Analysis of Drug inhibition Data is
D. Multiple Classes of Binding Bites 21

Vt. INTIRPRZTATION OF BINDING DATA 23
A. Receptor Criteria 23
B. Artifacts 24

VII. CONCLUSIONS 26

RIF RENCZts 2?

VBurt Receptor Binding Methodology and Analyst* 3
1. INTRODUCTION group. MY be4 reacted with the Bolton-Hunter reagent (Bolton and Hunter.f 1312ir). *lottpeptidelloadissied gs.nda Inchds 11211llodohydooxybensylptndoinlReceptors trarieduce binding (molecular rveotognion) to a rspOnae. Binding for -adrCEWM~rgia r1900yo= (Atiftach St ai.,* 1974) and C 1l I13-qdurnscdinyl-methodology provides A Simple moanst of rapidly screening drugs lop possible (3ld--'brxbmime for muacarinic eholinorgic receptors (Flanaganactivity onsmultitudeof recepor types. Maost of these aoseays ore very mind- and 5to , 1979). Labeling of drugs is discussed In more detai elsewheretar In their design and analysts: their comon slements brae She subject of (Baker. 1966 Filer. IM6).this. chepter. The chapter will be confined largsely to general principles: sub- For ucmmsercial ligaods. storage should ordinarily be according to the sup-sequent chapters will provide imost-of the axampasa. pfer's instructimon. General -osnld rstlons include the grester stability ofThe conceprt of receptorS aroas, froms the work of Langley end Ehrlich long reidecstiYS oopouxds in dilute solutions containing ethanol or other savevn-before the advent of binding assays (Forescandole. itss) Clr (1933) fis gie" of free radicals. the reduced stability of moet tritimited copounds Informulated the theory which predicts responses to drugs from mecetor frosen aqueow solutions (-20*C; -WOC gives greater stability) compared topency. anid this was extended by Stephenson (1956) to Include the concept of refrtigerated equeous solutions W4C). and the possible desirability of storagedrug efficscy. Although sceptor theory has progressd greatly aince those uinder altragen or in the dark. Breakdown of liganid. which may be eutocata-early Years (e.g., various chapters in Orltten. 1919). the 1initial formulation lytl. can be detected by thin layer chromatogrephy or by increased blanks.remaina the basis for analysing soet binding data. Note that, for vary high specific activity liganda in which each molecule con-

tausm at least 1 atow of Isotope, rourtine correction for radloactivs decey dur-
7.ing storag Is usually Inappropriate, since each decey event destroys the hoetIt. BASIC UVTHODOLOCY molaecule, (I.e.. *Igand monosatretlon is reduced with timo, but lott Its specific

sedvity-unleý there io exchange with solvent).-The discussiont of binding methodology will emphasiz. considerationimporan The concentration of the radioactive Igand in the assay mixiure shouldIn setting up new binding assays so well on those common to existing asarey. usually be so low -n is cmtvattentor. preferably lose than the equilibritum die-* Many topics touched on In this inditil description of the elements of a binding sediation aconstant Mdf. cmomoeirsn giving half maximal bindfing). Thisassay Will be treated in more detail later In the chapter. situation cofitresta With enmsym "says, in which saturatdn substraet conceit-
trationa are usually desirable. An will become cdearer below, high hgand con-A. Itedleactive Ugais contartiotas in binding essays give excessive blanks. Furthermore. the ua" of
emigrating concuentratons may conceal Information about the abilites of other--Although the chlaoo of tissue an of blenk can be equally important, none"ll drugs to compete for binding.-

-- the key element in setting up a new binding asesay is making the tight cue*Of radioactive agsnd. Desirable features in a drug to be used as E1gszd In- B. Tissue Pieporation
duds the highest possible potency and specificty. stability against chemioalOr0 enzymatic breakdown, and the possessiona of functional groups which en- in the wse of binding essays for drug screening, the nature of the tissueableI the drug to be made sufficiently radiosctive. This usually meumaja spe- preparation is most likely to be of concern in asetting up a new esany. Thend iflo activity Of greeter than l0 ru"es Per 10i1110o1e (CI/mOEW). LUganda with the goal will be to AMn the prepraltion with the moot, or at least enough.8 lower Wpeolfc activity can still be useful It their binding affinity ts not too receptcor and with a minimums of interfering binding sItes. For an existinggreet and If Assays are run with large incubation volumses. Specificity is assay, this information should alresdy be known, but for a new essay, a goodlikely to be the most important criterion In choosing among available cmmar- plaow to start is with a total particulate preparation of the tissue with theOal lgands for a given reep tor, most promnent or best charecterited reponse. If this yields only marginalIn Many ways the most satisfactory Moute to new ligend preparation in- reuts, a systematic survey of differen species, tissues, bruin regions. orVtole" reducing a double bond In a Precursor with tritium. This typically cou lines should prove helpful.gives a specifi activity of about 60 CI/mfol and a llgand which Is stable fo Although even a simple hommogenate will work for many binding sasseye. anany months or even years. Examples include Preparation of 1

3
11)(dihydra- wanhed rumseape ilo (total particulate) preparation to generally preferable... ... Eprnormol for 6-edrenerrgif re ctrs (LefILowitla t al- 19741 and (1

1
111C-Me-- for membrane receptors. The washing ateps help reduce soluble Peptideses.

: N1el1thyretropin..raiaaadi horsmone (TRH)l for TRH receptors (Taylor and endogeouxi tiganda, Ions, guanine nucleotules. and other posalblS sources of8
urt. 11111). Another ocmona route to tritiating drugs containing Armai Interference with the assay. Use of a aubcellular fraction enriched in plasmarings Is catalytic echange. This usually gives a specific activity of only mombrofies should further enhance marginal binding. Because of the extra1-10 Ct/mind. and the product may exhibit consierdaeble beck exchange with tise involved, It Is most convenient when the fraction to to be prepared in"wole, on long-term storaeli. Muchi higher Npeutfc activitie (but shorter bulk andl froeen.* halt livesl I? @oobtainable for ligands Labeled with 125t. Paptidom containing The concentration of tiamsue in the assay should generally be such thatlleneseOniel CtrOeine (Tyr) or hitidi[ns (His) residues are commonly lodinsted less than l01 of added radioactivity to bound. Use5 of more tissue may in-* directly (Genwo t al., *1943t David, 1372), while those with free meri e sees the proportion of wspedflc binding, but will also complicsto anslyste
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and InOrease ilhe dkoihood Of artifacts Int the determinatioan of paremeteras of 8( guanine nuoleotide'. loam, and temperature. are often able to make it
the bindlng (see below). The upper limit of tissue aenoenrtration In always distlintlion.
mat by Iem fequirament that binding be Unsex with tissue. Problems with measuring the potencies of competing drugs are beelco

thae" of binding assay& In general. and include competition for more thin

C. elenn class of binding mite. us. of Insppropriate blanks. Intarference, from @sot
In# @Sats.m and inaccurate solutions. Theae and other probs.. rre dis.

Blank tubee, in a binding msesy are tim, to which a high conoentirstion of non- In a later section.
redioactive drug ham been added In order to eliminate binding to a reoeptar.
l eeving binding to everything else, so that receptar-aseOdatod (or epeadlfc E. Other Addition$
binding im y be obtained by subtrecting blanks from total binding. Blanks
usually inrama lineerly with added radioactive Lifland. Besides counting A variety of other drugs or chemicals are frequently added to binding at
background,. the componantsat of ncnpedfic binding in blank tubes Include *to achieve more specalized purpomes. especially (1) preservation Of ligar
other saturable binding sit"e associated with tissue or with the filters used to competing drugs, or receptors during incubation, or (2) elimination of u
separate bound radioactivity. 'nonesturable- (very low affirity) binding to wanted binding aites which would otherwise interiere with the mosey. Ex
tismue or filters, trapping of Ligland In bulk fluid, and disaolution of Ilgend In smpeas of the first type are ascorbic acid (or other antioxidants) and MOT
membrane lipide. (Because free Lifland In blank tubes Is Increased by the aadne oxide"e Inhibitors used in catecholamine-contalning assays, bovine
amount otherwise bound to recetors. there is a theoretical problem with the rum albumin and other proteins used to minimize losaes on glasaware. anc
usual prettice of simply subtracting blanks. The resulting error Io minimal various forms of peptidase, Inhibitors, Including chelating agents much as
If relatively tow tissue concentrations are used, as recommended above. Blanks enediaminetetrescetic acid (EDTA), used in poptide-containing assays.
way be omitted when they are very smell or when untransforimed saturation problem here is to try to verify that the addition is not affecting the mama

0-data are to be fit by computer. so that nonseturoble binding becmt a parson- other than through the desired mechanism. An example e! the second tyl
etar of the fit.) the us* of catecholl when ethoalm ob used as Uiganda (et.g.

The drug added to blank tubes should be chosen to hav. a pharmacological U'Pricharti et &1.. 1973). This type of ad Ilitito is essentially acting as ar.
specificity which complemsents that of the radioactive dgiged. In simple issme, amplIfyilng device by mainimizing blanks.
this means that if the Uigand binds to site" A and S. the blank drug I- blank)
should bind to sites A and C In order to atudy sit* A. Por mcene Agannds and F. Inuato
tissues,. compleamentary specificity of the blank ta superfluous and the some
drug may be used as both Lifland and blank (in which case specific binding Saverel mleceilaineotm considerations will be mentioned. Although the ord,
is the some as saturable binding). Use of a drug different from the Ugand asof addition of the coponents named above should riot Matter if the bindinl
blank is usually asafer, however. The concentration of drug In blank tuba. reaches true equidlibrium, the off reaction for high-affirty tiganda im typi,
should usually be about 100 times the concentration required to inhibit ape- a. slow that-if the tismau is exposed to radioactivity before comopeting drus
difi binding by 50% (IC50). For weli-behavedl drug competition (curves It may take inconvaidently tong for the radioactivity to coma off again. TV
not ton salelow). this gives virtually full Inhibition of specific binding with tissue or radioactivity Is ordinarily added tast.
imllimal risk of Inhibiting binding to other sites. The volume of incubattion mixtures depends Largely on the specific amt

and affinity of the ligand and the avelasbtility of tiasue. The usual range I
0.~~~~S CoptiIIrg l to I is.
0. CosetingDrugsThe incubation temaperature typically rangas from 0 to 37*C. Low-tecor

In any binding assay used In a drug screening program,* the key components tune Incubationsasre used to help preserve uinstable receptor preperetionm
are thin drugv being screened. They will be added to aee if binding Is in1db- ligands or becmuse the binding happens to have a higher Maffnty at tow ter

.Z ited. The initial goal may be lust to date"t any activlt at alt, but the ultimate perstures, while, more physiological teimperatures yield a more rapid appro.,
-tgoal will be to determine each drug's exact potency at the given receptor type to equiliborium. A posmible source of error is to chldi warm Incubation mixtt
7&a meassured by the III, or concentration Occupying half of the raceptore (from Just before filtering to mstopO the reaction, in analogy with enzyme mosay.
-competition data-the lfd la the same. thing for direct binding data). Methods If dfiltring is slow enough, this could permit 1he binding remotion to shiftI

for datertelning Kim from WiCla will be described In a later section. To detect ward a new equillbrium. A careful exploration of the temperature, dependde
activity where none to expected, a possible short cut is to add more than one of binding con yield useful thertmodynamico data pohich, a. g.,* help cisatingul.
competing drug to each tube. agunlata froin antagonists (Franklin. 1210).

A masiciflmitation of binding assays as predictors of drug activity is that An ares of *baok magic In bitnding usesy is the pH end composition a
they do not readily distinguish agloniate from antagoniats. stoce both ocoupy trioubstlesm buiffers. Many buffers or their assciated toma interfere with bi
receptors end inhibit binding. Refinements, such as examining the effects tag of captain ifganda; In unpredictable ways. The onl rule Is to use a bisi

that worizs. Wham, changing buffers from a published proceure, be proepr
tOYTwrit the key cliaracteristica of the binding siteeg. 4-9-a Ith" X Boa.
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and pharmacotogy. Any change, to say mnoting of the original Choice.- Should peptides). Since a thin pellet remains in equilibrium with the supernatant
- be (but often ia not) based on slde-by-side comparisons. Noaw samey" should solution until It is rinmed, bound ligand oniy has time to dissociate during I.

probably try p11 1. withsa few buffers first, than took at other pis to see, rinse period. which can beeas short as 1-2 sec. lleperindifngothe Incubmtio
If the optimum lies eisewhere. A choice of a nonionic buffer such as HEPES volumne. centrifugation is performved In 12-li-mi tubas in conventional centri
will facilitate Later exploration of Ions a variables, while choice of a buffer fuges or In 1.5- or 0.4-mt tubas In mierafugee. In the letter case, the boti
with e low-temsperature coefficient such as phosphaet will facilitate exploration of the tube Is usually cut off to recover the pellet. Pallets containing bounc
of tempereture effects. tritium are typcicely solubilized with an organic bae" for counting. For part

With reversible Uiganda. the incubation period should be tong enough to late tissue in an ionic msedium, only a hI-min spin at 6000 g ahould give an
reach verifiable equtllbrium. Verification to beat performesd under Conditions sdectuste pellet. Variations include Centrifugation through sucrome (Taytor

1-of the actual experiment. since artifacts may arias from the slower approach and Pert. 1Ifs) or oil (Beannett, 1972) solutions, In effect rtiming the pellta
to equilibrium at very tow ligend concentrations, in saturation experiments or asalt forma.
In the presence of stowly dissociating competitors tghlart at a1.. 12 lM~tkobti-
sky end Mahan, 1184). With Irrevereible Uiganda. no equilibrium to reached 3, Other-
until ths, reaction runs out of ligand or receptor. Thus studies of competition Other separation methods include equilibrium dialyais, which may be use.
by revereible druee have to took at their effectsaon ---sn ation raises Colqu- ful for binding of very low affinity Ifganda (micromcolar renge) to tissu, with
houn and Rang. 1976).a e hihrcpodest t..aeycoiebnigoTreoseco

As In other biochemical assays, replications, In binding assay should be pax very tw hihreeto dal. t 1 e7g. an gelityaiholn abidn g toema aorpadoelectr.adqaeto achieve acceptable expertimental error. Binding sasey" typically plxBdfrw 1a.*11)ndgiitaioonmecariveoum,
have mnrpoimu ihterpeddit ftiaen.o flefi n which may be useful for high-affinity binding to aciubiliued receptors. Prob-

rinsing, of eluting counts. and of counting geomstry. Thus most assays am lema of sepaeration in the lister Case are discussed more copletaly elsewhere
best run tn duplicace or thiplicate. Reduced replications of blank tubes are (lm,111
often poessible If blanks aftrelaitively tote.

G. Seperation of Bound Radioactivity fit. ELEMENTARY BINDING THEORY

The major considerationt is the trade-off between speed of the separation, to Ti eto ildsusol h ipetcs faUadbn~gt ig
prevent appreciable dissociation of bound radioactivity, and thoroughness of clasm of nanintersoting binding altem (rmecetors). Note that the resulting

the rinse, to minimise blanks. For reasons which will becomse clearer betow, eqeim. The l reation in y quesintica the thndin of ligan l to-retepto R:is lrs

Fpe becomes loeets Iporant for higher affinity binding, since dissociation ic.TeratoInqsinishebdngf gn LorcporR

is generall slower. 
i

1. Filtroation R +L*LRL i
The moet convenient technique Is undoubtedly filtration, which is suitableIt-

* for slowiy dissociating binding reactions Using particulate tissue preparations
(Indudirig cells) with a ligsnd which domnot hind excessively to the Afiter, where lot is the roet constanit for the association reaction and kit- is that for
Fortunately, amoa commonly Used binding reactions meet these rei~ramont. the dissociation reaction. The equilibriuxm dissociation Constant for this re-

* -A glass fiber filter (e.g., Whetiman OFIB) or emoabrane fitter (e.g.. 3tillipore actioen Is given by ltd - (R) (LI I[RLl. (liracketa denote concentrations.)
* AWP or ZOWP) to placed on a support of some kind, which Can range from a Its reciproa is theamffinity constant K,~ a t/lt. The rate Of Change of the

Gooch crucible on a aide arm flask to a commercial manifold, then matted and r10eptor-lfgand complex is given by duutLi/tt - kj(RhlLl - k_1 (RL) - O at
aeposeed to a vacuum In the collection chamber. Tha incubatlon mixvture is equilfoliblma. A minor rearrangement yields LiIlk, - lti ashowing why higher
poured or rinsed onto the filter with several furthar rinses of tncubation affinity binding (smaller Kdt) usually hes 6 stower off raet (sasller kt.t), A
buffer or maline soiution. The damp filter to placed directly In a gamma- usef'ul derivation is that of tha proportion of occupied recrptoras
counting tube or a liquid scintillation vial with ester-acceptingf fluor. or dried
first. Filtration and rinse times, are typically under 10 sec. Binding to fit-
ters themselves may frequently be reduced by presoeking them in solutions (1,11t. K*
of bovine @rserm lbumtin or polylimlne. CR R It RT Il*lt *illt(2

2. Centrffupstions Note from thin equation or then definition Of Kf that the ltd gilvee the Liflnd
Centrifugation as more suitlable for moreo rapidly dissociating, tower affin- 0ottoentritlon at which then receptor, are half occupied. The totel r eceptor

It Uana o toe hlhto11 available filter, (e.g.*, many cocnrtodenoted here RTy, is usuamlly called I'mss for maximal binding.
ity igadsor hoe whih hnd esieiyFurther equations used in analysing binding dast will be given In later section.
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IV. TYPES OP UXPIRIM&HYS ISO SATURAtTION CURVE

A. Saturation
One of The eaolet to understand types of binding expomlinnts to the addition
of Increasing aomunts of redloestlvo Igend toeGIneed amount of tiassu prepaere-
tOw nA smesumsmeat of the multl~ing binding. The goal In to mossum the6
114 . In thesey. the plot of binding vs. digand concentration (Fig. 1) should ~

* ~Typically. the points better approximate the sum of a straight linsed uW a 40
hyperbole (oreof straight line and two or more hyperbolas). They may be
fthtd d1r- lYly to equetiene of that form by noninear least squarse props..

- on computer. but more frequently th- linesr component to Isolated by addintg 20
an eppropriaftexaess of nonredloective drug (the blank). "aslsready dle*

wt. oueeeod. Them the hyperbola Is obtainable as the difference between the ob-
servied Mtotebinding and the blanks. Note that the Initial portion of the hypet- -It -10 - e --6 -6
b olks In approximately Uinsear. LCH OC 0Aammen transhematlon of hyperbolic saturation curves IS the synastri IADClC LGM

Gal elgucttd asmlbosrelthmlc plot shown in FIgiure 2. The center. or point of FIGURE 22 Somilog plot of the date in Figure 1.
inflection. occurs where ILI - Xd and the sites are 5011 occupied. Note that
the central portiont of the curve is approdmatety lineer. For a single elas" of
notmaltercting binding sites, the Slope to Such that 621% Of coculpaetincats
between ILI a 0. 1 Kd and ILI a 1t K.d. I.e.. over two orders of magnitudeoft B. Comptltln
11gand concentration. Probebly the most common type of binding experiment.* and the type that

should be perforated JIrs on a now System, Is the addition of Increasing con-
centraertin of nouredicotirve drugt to a fixed low concentration of radioactive

- tHgsed and tisstue. In a system with satuirable. reversible binding, bound

SATURA I ON CURVE radioaectivity will decrease as nortradiosative drug competes for the fixed num-
too ber of binding slites. Thus a decrease in btnding with added competing, non.

radioactive drug esessitisliv defines saturable binding.. Where the nonradlo-
active drug is the sume an the Hland (a;srt from possible negligible Isooptopi

SO ~effects).* this experiment is theoretScally Identical to the satuiration experiment
Just described. sithL~ngh thtere ste pratticst difference. discussed In Section

60 V.A below. The major differences ar, the correction for the decreasingf ape-
cifle radioactivity of the ligand end the use of a smaller number of tubes.

X asines all points lise the same blank. Simple competition is, of course, not the
46 Only mechanime by whioh addition of nonradlosethre drugs cant reduce binding.

SO that Inhitbition expertmendto la more gwnets) term then omupetition expert-
20 mmali. The form of thit experiment of Interest in testing drugs is the compari-

sOn Of differenet drogs So inhibitors.
The mudt representation of compalition data Is the sessilogarisihmic piot

shown In Flgure 3. Note that It is the mirror Image of the sattur.,¶oy, curve
36 too 150 zieS In F guts 12. since we are now lcooking at the progressive dsasppearn~ce of

LIANHO CONC. *sit"s 1120cmpied by competing drug rather then the occupation itseif. Forrs
- - ~*- - IgAd cmonustrtion low enlough that It is only acting as a tracer for uncocru-

FIGURE I Cmputet-genereted hyperbolic st~uraln curve. Oats are plotted plod allies t ItoI evident that the concentration inhibiting by 60% (ICSO) should,
fora lidof Isand a Owesxat 100. whideln In eal data might be 10 ril alnd 100 41I)VOxilnadthe Xd for the competing drug.
floolig proton. In this and subsequent figtures. all Uglgnd and drugr concesI Another way of thinking about the appearance of compeatition curves, at

-tratisme tepresent thoe* rot bound.* which In real experiment~s would be aome- 1eeotfor competition by the Ilgand in nonredloactive form. *Is in terms of spe-
*what less than those added to the incubation. 01111re taloacivlty. Two extreme cewes will be considered. For a ligand

* 1Burt Recaplor Bindting Methodology cnd AnalyhsisJ

66 COMPET IT ION CURVE of the Methods outlined below depend On knowledge of one or more otlher bind-
too bg parameters ledu to possible propgatio of error. The results typi-

call look like Figure 4. although the dotted line corresponding to blank
volumes may display some ime dependlence. especially if the blankst include

it ~~another aima of saturable binding Sites. There are three Maimr ways toMea
tire kit teinitial Slope or "p-edc-sero-order' method, the paseudo-tlrst-

S ord~ method, andi the general seconld-order method. (See Wieland and
Molinoff. lis1. for more, detwi and derivations.)

Z46 The Initde slope method is arithmstically and conceptually the easiest.49 Unfortunately. it IS alec the least accurate, since it depends wholly on early
C ~time points. it ca" the fact that, before much ligand or receptor gets con-

29 sumed and before the dissociation. or off, reaction becomes appreciable. the
ratetaochangesof binding is given by d(YtLltdt -kIIRITIL1T, where thle

jar Subscripts T denotte total (- initial or added) concentrations. Thus the
17 ISc MesrelyIonsoflgs mandurec tepo (nitalsloead iiin y.h nw

-9 -5 -e -7 -6 5 methodmerelyo inoflvgee aerng thcal inir a ( lpeBd.iidn1b)teknw
See-O ADE ORUG (LOG M)~ The peosdo-flret-order method, the moot common, depends on Setting

FIGURE 3 Seasilog plot of computer-gonerwied competition data. Oats wae" condition such that the Ilgand concentration does not change appreciably
easiculted for an Inetia radloactive tIgetul concentration of 10 pMi and the j,"-u during the binding reaction (i.e.. *c5-10% bound at equilibrium). This hase
exted concentrationat of added nottotledioslve ligand. The Kd Is again 10 nM, the effect of making the seondru-order binding kinetics (forra bimtolecular te-
which In this case cloel~y approhlnatam the ICSO. Maximal binding (1001) Is Rodo=) approximately DMrs Order. The derivation of the method alSO takes
obeeswsd in the ebeeance of a4dded drug, into account the developmients of the off reaction so that the whole time course

of aseodsticat is used. The resulting equation is

-ocnration such Wees than Its Xd of binding, the initial level portico Of the (RI it1ILTplfIR TI k 1(3
carve represents the srea whoNereIlgn binding is Increasing linearly with in(ItLI4 - R t qob13
added drug Sand Hieatd specific activity Is decreasing linearly with addeda Ll)- (L 5  b
drug, will% no net change in bound radioactivity. As the totall concentration
of drug approach. the Ild, the binding begins to saturate, I.e.. no 10o1ger ASSOCIATION CURVE
blanrees. linearly, while the decrease In specific activity continues to be
line. with added drug. Net binding thus decreaes" to the Point where all S
allite a"e occupied and the spedic activity is very low. The sec I ondc" hast
M ie Hgondl concentration much greater than, the Xd. I.e., *Istursting. Sur- gg
prisingly, the curve mtaintains the .me general appearance. Now the 1111ti11
levela portion represents the ame who"e the cocentsration of &addd nonredlo-
actV* drug Is much leS" than that already present in radioactive form,. so
that the epeiflc activity IS not reduced appreciably. and the IC50 eqSAle the z
buitild igand concentretiom and gives no Information about the Xd Of binding. 4
The usual Sluilced is between these two extremes, and is described analyrticellY
by equations presented In Section V.C below. Eiven the qualitative discussion 20

* above should indicate why low opgan conoentrsloonc sre usually preferable in
m ovpetiIo experiments._____________________

20 40 so Be
C. Association TINE (MNI)
Binding is Measured as a function Of time sitar Mixing tissu1e5nd ligad FIGURE 0 Computer-generated exponential association curve Under the
either to Measure the "tot constant for "seodation (kt) or just to chos a?& Pletdo-first-order approximation. The kob. Is 0.0655 wIn", correspondling
Incubation period long enough to assure that the retaction has reaclted equl- to a half-assodotion time of 10 mint. Specific binding reaches equilibrium at
librites. Techttidally, the accurats measurement of it IIs relatively difdrfitt 100 (arbitrary unite) Iefter severa half-tines, It is obtained by subtracting
beceuse It depends, It toutl In pert, on early time points and bommsth m0041 a blank of to (dotted one).



14Burt Receptor Binding Methodosiogy e- A ,alYeds

whet* the subacwipts* denotetvalues a1 equilibrium owlI thoses&I time t. At DISSOCIATION PLOT

least three variations at the method are possible. In all three. the term on
the left Is platted againat incubationt time 1. yielding a atoW kabs. Thent
(I) This to converted to it, free knowledge of the totsl concentration@ of
tigand ((ITl) and receptor 1tI'T - Bwm) and binding at equilibrium ((RLI*. .
(3) This Ms converted to ki from the relatio"nsp kobs a k1 (LIT * k..l. (3) X
Measurement* ame mad. at multipte Ilgand concentrations end Xabe Is plattod 0 3
against lgand concentration. The slope given h1l and the y Intercept t. I.

The general secondl-order method reoewsbte the Arire vsrleticn of the m
paeudo-tlrst-order method ehcept that the derivation takes Into account the --.. -

depletion of free Ugand as well as receptor during the on mostion and again 2
includes the off resetll". The equation ts

ILI (R)(RL1T -!81RL1IRI T
1  

( I0 ~ 20 48 66 Be t60
(LTCLe - tLt) 

1  
RLI e TIMlE (MIN)

The terms on the toft Is plotted against t and it I.i obtained by dividing the FICURIE 5 Semsltogarlthmic plot of computer-generated dissociation date.
atop. by the term in parenthesees on the right. the solid line, the initial binding is 100 (arbitrary units) andl the it- (net

There are many potential probtemse in attempting to meesure kl. Even five elope) is 0.0423 mln-
t
. corresponding to a half-Uife of binding of 10 cf

the general aseond-order method assumes a simple bImolecula, binding resa- -For comparison. the dotted tine@sahow on the some ecal. the appearance ci
lion. Itse reults should be Independent of the degre of receptor Occupncy- site of initial binding 10 and half-Uifa 100 emi en the effect ot having bot:
Various complications, *including heterogeneity of binding stee (or ligand). sites preseent at the s"me ftie.
coopeirstivlty. tigand-Induced conformational changes involving a third core-
ponent of the mixture, or a ligand-Inducede conformational change lit the To-
ceptor (two-step binding rseaction). may lead to curvature in some of1 the V. ANALYSIS OF BINDING DATA
theoretically linear plate described ahove.

The analysis of associations and dissociation data has already bon utlined

0. Dlssoclotton the Preceding section: this section will concentrate on seas of the method.
used to anatlyse equilibrium bindingr data, including Scatchard plots, 11111

The experiment Is to permit the binding reaction to reacht or approach equl- Plate, log-logit Plots, and othere. This chapter win omit any detailed disc
librium aned then to stop the on reaction by greatly diluting the incu~bationt don of computerized methods of analysis, which are gradually replacing
mixture or (nmar usually) by adding a high concentration of competing non- many Of the manual methods discussed below (see Chap. 2).
radioactive drug to occupy aUl free receptors. The toses of binding Is then

asot a function of time with the goal of obtaining it-. the rate constant A cthr lt
for dissociation. Practically and theoretically, this usually Prowes Much, .Saeegt lt

easir ten easr~ngk1.If urter asodado ha bee prvenedthe Althoughi the Sestchard plot (Scatchard, 1148) has drawn much recent crit:
theory is simply that of a first-order decay reaction and ell that Is needed daem (e.g., Klotz. 1982, 1983; Burglseer, 1984). Its variations remasin the

*is to ptot the naturai Jlogaitthm of binding as a function of tim..I- I. Is the Standard method for deriving equlllbritu binding prsretere (Kd arel S
m
na

negative e.o (Fig. 5) from satturation Or competition data. Roasenthal (1861) AMrs described this
Problems may include Incomplete or absent reversibility or two or mare fo0- of analysis In It. more usual context. It Involves plotting boundl/free

phases of reversible diseociation. Posselbe explanations Include the presence v8. bound (tigend), and Is only aon of several simple tnarminaof
of heterogeneous binding asite* (or tigwsd heterogeneity). oooperativity. and hyperbolic saturation data that render a straight line. Another to the douw
multistep association reactions (Including capping and internalixetlomr Of reciprocal (Llceweovet-furk) plot still comman in ensyme kinatla.. but thi

AV occupisldeepazsbre In intact calls). Cooperativity is usually detected by dif- lilttoduoss mare bias into calculations based on nalsy data (Zivin and Wauc
-farences inaotf rates depending on whether or not dissociaion Is o~ccurring 1882). . The most convenient form of the Scatchard plot Is the Zadle-flioete
*In the presence or abeence of an excess of nonradioactive ligend. For negs- pin ((from uSxyrr. kinetic@). which has the x and y aeso switched, i.e..

t ive cooporatdvity. dissociation Is accelerated by the presence of movdl.- bomnd is Plotted " a function of bound /free. For nalsy data. least square
settve ligand. OUt based on this form systematically underestimate the Xd (negative elope

S-an sax (7 Inteircept. An empirical correction tar this effect, based on

isBurg Receptor Binding Methodology and Analysis

the variance of the fit. has been described (Zivin and Woud. 1IM). Corrected SCRTCHRRO PLOT

Eadle-Ilofetee plots are capable of yielding accurate binding paoeteret Jor is

adequate data in the simple"ast &* of a single times of nominterseting bindingA
sites of constant affinity, and evan farm the basis for one form of cmputer8
analysis of two-ste binding data (Itinneman at &I., 1913l; Hollsoff at al., 1921).

' but this type Of analysis generally proves Inadequate tor more complex situa-
tions in which the plots ea" nonlinear. This problem will be turthes discussed
in Seacts. V.0 and V.I Examples of Scstcharti tliozntltal) amd gadie-Hotates at
plots a"e shown in Figmrsm GA end 95, respectively. M.

Several prectical problems affect the daterminatilon of binding parameters 0.

from Scatchsrd or Eadle-#Iofatee plate. The major oen Is the determination M
at the tree (unbound) Ugand conceintretion. Direct measurements is pcesable * 2
In a contrlfugstion assay, but the ususl i poeure with filtraticon is $imply to
subtract the total bound from that added. Amsbiguities @Aris. This eubtrso-' ________________

tion may overestimate the tree concentralion if some radioactivity to bound mao 26 -.40 6o 80 16@
boosey (eg,,. by Partitioning into membrane lipid) that It is rmove in theBON
rinse., and may underestimate the free concentretton If all the binding in

blnsIs to the filters. The only way to deal with these prob-m is to main-
tain tissue concentrations, and the prprinbound, low enough that any EDERFTEPO
errors are sirdmixld. tog

The choice between eaturation and competition experiments to determine
parameters depends on severs) considerations. Saturation curves are moat
appropriate when a Selective blank Is picking out a portion of saturable bind-
tog or when the ligandl itself is not readily available in nonrtrdleective nonm.
They heve the advantage of yflaidng a direct check on total Igand connsetre-
tiast by counting -sandards-~ and the disadvantage that errors in ageand ape-
ciflo radioactivity or counting etfficiency are directly propagated Into the0
parameters. Composition curves have the adventailve that they use Only about 3 46ý

hald as many tubes, since the same blank is uaed for all conceslirstiome that
results are relatively Indepenent of ilgan-apecfic activityror at onting
efficiency. and that use of a Wider range of IgCand concentredone is factl-
teted, The major disadivantagep Is that the accuracy ofacoweatimms is
totally dependent on that of dilutions. Since the sourceso af error In the two _______________

methods are moetly different, an excellent check an the accuracy of parametoer 0 2 4 to 1
and the absence of artifacts is to use both. 90UH)40VREE

8. Hilplt FICURE a A. liestchard plot of data In Figure 1. B. Eadie-tiofetee plot
-. of data in Figure 1.

Among the several causes of nonlinesr lcatchard plots are comparaive inter-
nactions among binding sites and the presence of mare than aen csa ataeo bind-
ing site. The Illi plot, and In particular a Htill coefficient nif different from
I. ham becoe a conventional alternative means of demeonstroting ihis type of
complication. The 11111 equation Is

X-+Ln ea Fn

This may be viewed as a grneraltartion of the usual occupancy releticnshlp.
for which n (a n" 1) a 1. 

1t
d is the concentration of ligand at whidch ADI of
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sie art.ea occupied, which is the saee as the Lid fo~r ni,~ - 1. The derivation 2HILL PLOT

of the Hilt equation. Originally developed for analyzing the binding Of oxygen A
to hemoglobin, thowe thaita mH ets a lower limit on the number of interactingA
sites (or positive cooperativity in" 'I). This is the situation in which occu.-

common occurrence in binding studies, possible Interpretations include more Z
- ~than one lass& of noninterecting site. negative cooperativity, or various arti-

facts (net Sect. VI.B). -- - - - - - - . . . . . . .
For plotting binding data to obtain a Hill coefficient, the Hill equation is N'

- -usually transformed by rearranging and taking logarithms. This yields 0 a.

max

RO log1  SIB nlog F -loglC (Sd

Thus plotting the term on the left against the logarithm of free ilgend concen- ADDED DRUG (LOG MI)
tration. 5, lin* is obtained of slops, n inH). In garenera, n in not truly a
constant but varies with occupancy. The Hill coefficient is defined as the
alope at 50% occupancy. Similarly, lCd may be determined from them xInter- HILL PLOT
capt (which also occurs at 50% occupancy). In order to plot saturaition data 2
In this fashion, Sma must be known, which ordinarily meamo already having h
done a Somichard (Eadis-Nofstea) plot. Figure IA alhows examples of Hill
Plots of saturation data.N I

Alhuh aabae ncompetition by nonradioactive lignd way be ana- I
lyzed In the esms, fashion.* by nor. ectIng for d-icreaseinag ligelk-specific radlo-:
activity as already mentionted. a more genealt. If lass direct. approach Is-
ofteni taken. Any competition curve may be platted In thas Iorm, of a 'paeudai -------

* ~~H111 plot by taking 9 lmx as the proportion of maximal speddo binding N 8~ er~II
in the absence of Inhibitor and P an the added drug. Xý then becoie the 0 16

IC50 . the concentration inhibiting binding by 50%. and n becomes a negative _4 -1
number whose nearness to V Iindicates, the degree to which the competition
curve has the expected shape for a single site. (Some workers use propor-
tional inhibition for 8 fB. to preserve the positive slope.) Thida pproach -2
will be see to be forimauly Identical to use of the log-logit plot descuibed In -1l1 I -9 -s -7
Section V. C except that the tatter uses natural rather than comma logarithms. RODEO DRUG (LOG M)3

Fligure 73 shoes examples of this kind of Hill plot used for competition data.
~ 1FICtRn 7 A..HiII plot of saturation data in Figuae I (and 2). Foram

C. Aalyss o Dru Inhbiton Dtas21n, the dotted lin. shows the minor effect (nH a 0. 93) of adding a sea
C. Aaly~s f Dug Ihibt~o Oassite Of. 10-fold lower density and 10--fold higher affinity. Note the more

Analysis of drug Inhibition data Is the major use of receptor binding essays dromastloeffect of the escond aits 0t. tha Scatchard plot of the same data
In drug scrveeing. The goal of the analysis to to derive the K1. or Inhibition 0i - . Hill plot of competition by a noradraloaictive drug with an I C, 0 or1
constant, for each drug teated. Although other approaches ame available. nAt (sold line labeled 1). For comparison, the dotted drines Wsow the offI
this section will cover only the most comamonly used method, originally de- Of having two maltes present In equal numbers and aiffinity Aar the radio*
scrabed by Chong and Petasoff (1073) and Cheou (1074). It to based on the Igand. but having the second ait. differ tn affinity for the competing d
readiHYlywasured IC50 . The discussion will include a simple derivation based from the first (IC50 a I nat) by factors of 10, 100. and L006 as iebaied
on one In Levitek (1980). since this clarifies the Limitations of the method. PIC- 1). The kmUcoefflciante are the (negative) slopes at $01 occsipane:

Wwhich are too often Ignored. (deshed 111e) and ame. respectively,. 0.73. 0.33. and 0.14.
In the absence (subscript a) of Inhibitor, proportioarl occuancy to
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ERLl5  (Ls ILla IX d1 kindl of groph from the raw date. Although the probit trsngformation line

-s .,II Kd I-jl/ (71 tsm the ismegroted normal error curve, this etsid cia InoW, enough to th
I~i Al 5 * d I. L~iid resulning fraom the Logarithmic transformation of the mase acio hyperbola

-~um t iSl-gprobit p"pe may also be used to liearize binding data. Finally.
Similarly. in the presence (subscript p) of Inhalibtor 1. total receptorts are varkints computer programs are available for determining lC440s. The .&Io

losses Is how to give greatest weight to the points nearest to the center (
IRI. T (RI + IRLJP . (All - (RI * IRII 1K d * IRi~ll/XI III

0. Multiple Classes of Binding Sites
and proportional occupancy is It hism been stated that everything binds to everythlne. Tldst is unfortun,

ILI ILI tKtrue, at hesat to sme wrtant. In the simplest Case, which we have coradd,
pi~ dL L up to this point. all binding abcep that to onesiteIs of much I" afjfinity

- III or capacity that It cam be ignored or incorporated Into a blank which tmcre,
(Rl~I~l 9 . RdL * lI/iil I. (LP/id ill/ 1  lnearl with ligand conoefiraticn over the region oa Interest. With many

Not frm te aovatht, n te Paseca f he nhiito, te o ~types of drugs incubated with a hesterogeneoutas tissuep such good binding
Not fomtheabvetht. n heprsene f heinhbior te K O lgmd behaior its the excemption rather then the rule. Multiple classes of saturah

binding appears larger by the factor I - It]/in Taking the ratioof binding binding aiems aer rouidnely encountered for psychoactive drugs binding to
observe In the presrasce to that In the absence of inhibitor, setting It equal bralm. for example. Thoss sites may raprezen receptor subtypes, differer
to 112 end (11 a IC.Q. and solving for K1 ., one obtains typesm of receptors. or unidentified enzymes. uptske sites, or stroctu~ral-pr->

so5  The presence of binding alts heterogeneity to usually fairly obvious.
Xa ILl /lLl - I + ;tL/Kjx 1101 Competitio (Or saturation) curves aFIN shallow. Perhaps @TV= with visible

d "I -*u-p." and do nta follow the 121 of change in 100 - nrcontrads ruasa
(Fig. 0). Correspoandingly. tHi coefficients are 4 1. This behavior may be

Thdis is a generalsi olu~in in ter-me of the differing free Ilgand cncwe i amtsis mos obvious with drugs different chemically from the Ilgurad. Scetchard
In the presence and sabeanm of a given tIC5t) concentatisVon of Inthibitor
C 11.1p ( LI a). This is not very useful, since these concentrations are not
masy to determine. However, If asseat our assay condiltlom so tha the ro- COMOPETITION CURVES
captor concentration is low coompared to that of the ligend or Inhbiftor, (IRIT
44 (LI. (1); it must also be amaliUAMOasavd to the Kdl. then the Ilgand and

* Inhibitor concentrations rmain essentially unchanged after rgeeptor occupa-
tion ((LIe a LIp IL)TOT a ILl and Ill " IIITOT) and the realationship cc
between ICS0 and 1Ci reduene to

I I - LI/i[Kd 48 16 lto to is

Hots, that this roataion ia only valid far small receptor concenrtrations, i.e. 26
a smalil proportion bound. Another limitation in the assuamption of a singie
does of noanitrmectiog binding sites. A very low ligand concentratioan gives
an ICSQ equal to the Kj end a Ligeand concentration equal to the Kd CiVes -11 I16 -9 -8 -7 -6 -5
an I C5 0 of twice the III.

Several mesthods are available for obtaining IC5 0 * frow competition data. ADDED DRUG (LOG M1)

Just plotting the row binding data, usually transformed to poromntage of FICURE a Computer-generated competition curves for two binding sIte. par-
masimual sepaific binding, against log [I I gives a sigmold curve fro which emt in equal numabers end not distinguished by the radioactive ligand (Xd

* the half Maximal point MaY be read, Dore acmmonay, this curve is linearized tAM)- Competition by a @eries of hypothetical drugs of Kim of 1. Ia. 100.
as a Hill plot, as already doesrilsed. or through the LOCHt tranisformation. If 1i0S, anid 10,000 nat for the second sits and I nil for the first site is shown.
P Ia the percentage bound 1- IS0 (RL)p/(RLI,). iogit P - In (P/100 - P) to Note that a useful plateau region occurs only when the prospective blank
plote against log (11. Special log-logit paper is eviahlabl for making this drug diffars lin affinity for the two eites by at least a factor of 1000.
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plate may be curved (conoave upwar'd. FIll. I) and multiphao association or transformed data (e.g.. loniecn and Rodbard. 1980; Modcott at m. .* 1981

dlsseodeticen idnetice may be observed (fig. 3). eec, also Chap. 2 ont this topic). However, for the two-Site caea, given g.
The goal In dealing with thise type of situationt ta to disttnguish the bind- date at both ends of the reulting curved Seatcehard plots, reasonably ecc

Ing site of interest from ol other sites. In manty case@. use of a blank drug rate parametrs may be dertermined by using complex formulac for workltf
with selectivity complementatry to thet of the Ligand will be euffident. Un- backward from the slope@ end intercepts of the Hl~mting lints of the cut-ve
wanted saturable mitts then becomeea part of the blank. In other cmese. addi- (liunaton. 1375). In the special case of looking at a csmau number of high

r Lion of a selective drug to eli tubes can eliminate en unweotted cleSe Of ait"e. affinity altec in the presence of a large excess of sites Of much lower affir.
Obviously, an a ne.w system. considerable experimsentationl may be required these for-mules evan sake on quite a simple form (Burt end Snyder. 1975).
to find the right comblnetion of drugs. The most desirable blank drug usual- formerly common error we. to take the Ilimiting lines of curved sestchard

-ly has the longeet plateau bitggest bump) In its cOmPetitiba curve (Fig. III. plots an representing directly the tndividual kites. Rathetr. the curve rep
When eaturebie sites have been Incorporated Into the blank, an impottent saaming two Independent binding sites is generated as the etum of vectors

controliIn studying competition by other drugs Is to ve.rify tha they ar drawnt from the origin end Intersecting the line segments representingth
competing for the reep tor under study end not for sites in the blankt. This site. Individually (FIg. 9).
Is accomplished by en addjtivity experiment, edding the unknown drug in tn closintg this Section. itt.s Important to sOmPhacixec that multiple lode-
combination with the blanik drug and eseeing If omtpetition Is additive. i.e.. pendent classes of binding sites aet only one poessible couse of curved
if bound radioactivity Is reduced below that In the blank tubes. If the raess Scatchard plots or Hll~l coefficients differ~ent from t. Various a rplkca!on,
tore aeraell occupied In blankt tub"s. adding amnothr drug cannot furthter such as cooperstivity, sltitete Interactions, end two-step reectlona with

-reduce binding unless it Is comipctlng for other claass" of sites., ternsely complex formation, could give the oems appearance. Only detailed
- Often. when no combination of drugs appears capable of ecleoing lust phar5macological studies would make the distinction. Similiarly, various arti

the desired receptor type. It is still poassible to distinguiah It analytically facts, further discussed In Section VI.B., could give curved Scatchard plut,
from one, or possibly two. other Oltas by detailed analysis of extensive com Thuece include use of the wrong blank or incubation period, Jig"n-ilgend
petition or saturation data. This is beet ecoomplished by using one of several Interac'tionts. ligand heterogeneity, and dilution of the specdflc redcoactirity
available computer programs for nonlinear secst squares fitting of raw or of low concentrations of ligand by endogenoua ligand associated with the

timaue.

SCATCHARR PLOT VI. INTERPRETATION OF SINOINC DATA

A. Receptor Criteria

IS ~Just becamme e drug bind@ to a aeti-behsved sIte does not mean thet the alte
repr-esents a raceptor for the drug. Several criteria have been described
which help to establish that a binding site reprasents a receptor (e.g..-

wj 12 Custrecismas and Hltotenberlf. 1978; Burt. ti18; Hollenberg end Custrecmas..
r tIII). The meast important of these is that the properties of the binding site

especially Itis pharmacology, should correlate with thoee of the response for

D Thus It ts not sufficient that the binding sits merely be able to distinguish

4the liudadsmlrmolecules from dissimilar onces (selectivity),* but rather
it meet do so In the eme manner In whichs the molecusles generate or block
the reloevint response (watching specificity). The moet useful means of demoo.

S 0 49 6 e lee s trafintg schoks correlation is the log-log graph of binding potencies we. re-
BOUNDepOnme potencies. Ideall. thids graph should be a straight line of elope I
SOUND which extends Over several orders of magnritude of drug conscentration. Many'

Flr~l.RE 9 leatcltard plot of the satm data &As In Figure 7A. eltowing the of- examples vrill appear in later chapters. This kind of correlation is usually
fect of addln1 : p seoca h binding elle (ehort. steep Line? of 10-hold lower easier to achiev for antagonists than for agottists. The absolute response
density and 10-fold higher affintity, as that it contributes equally to binding Polendes of pure antagonists may be measured with few easinptions using
at very low 0M.pnd concentrations. The curve ehows the Scatelsard plot thai Schidd plots (Artunekahaiss and Schild. 1959). Rtesponse somacurmerta for
would be obtolined with both cite. presenst. Note that the a Id binding agmdaiet are complicated by auchit ssues as expsr receptors tTakeaoeu at
site might be staved if data were obtained only at relatively hIslgh ligartd con- &1.. 197% Mlttisman and Abel. t944) an desensitization (Triggic. 121t), and!
06ntratione (binding greter then 30-40 arbitrary units). bimlseng ameeuramnmto by promtinent effects of tons a"i gurasene nuciotides

24 But-[ Rsseppr Binding Methodology and A n"Lye~s

*(Podbeli. 19201 Laevitkid. 19131). Obviously, the beet correladIONS are Skaly TABLE I (Continued)
whent remporme and binding Meeerosents a"e perfirme under sismilar Coes-

*ditions (e.g..* Intact cultured calls). For cases In widlen a queedtativd, cOrrmr- source Proablaem Artifect(m) Detection
lation, Is difficult, the exsateoeto of etereissommere of ralevejit drugs provide. a
uaseful substitute: matching stsreoepecifldty of binding and response. 2. Tissue Nonrvecptor Apparent receptora Detailed atudies of

Other receptor criteria Include various aspects of the diatributtan of bUnd- saturable pharmacology.
Ing site. among different issues, brain regionst. eubcallular orgealmel.. or Ugcand distribution, de-
call linac. The tlost here is whethear the site. occur where they Would be binding naturation, aet.

* expected, ott the baais of ths, presence of a response or of other bioclsmleI tsee. next section)
01arkale and not alsaewher. Similarly. the prvemued protein nature of meet gaeBidnofttatte, eablctue,
receptors predicts that thery should be denatured by artramems of t es'5ttu1U'ad idigo metabolisms oMrsiato Ientaboic stuionso

snd PH. Ftnally. the kinetics of binding ahould be compatible witb thoee of ligwbd concentration boutnd radioactivity
*the corresponding reeponse. e.g..* not too eow going On. And reverthibl

whn herepns i. aidual tUnderestimation of Proincubsttion,

andogenous binding washing

B.Artifacts lagabd

* here are a number of artifacts which can affect the numsbers obtained fro Tiasue* conoen- Overestimartion of K
t  

Deapendence of
binding mamaturemnastt or even key aspects of their interpretation. Many of tl*5t10f to ihaprn d On
theme are esummarized In Table 1. A few points are worth emphasising. The bound) lirntisu onoeta

L poesibiltie. for minor ertitade and genterall Imprecision In most binding oemw- bsd rto
ureemnta are auch that discrepancies of e factor of 2 or less, between different 3. Incubadion Ttme to approach Equilibrium not reached Time course at

equilibrium at low ligan conoentra- low ligand con-
moeeured at high done In saturation contrntion

TABLE I Possible Artifacts In Binding Studiee ligad concentrs- curve, lowering Initial
tIlan POins

source problem Artifootta)Decto
__________________________________________Uand (or re- Utnderestimation of Equilibrium not

1.Llgand Itadl~oheatical Over- or under- a. degiclrnaysdaption)brl mitie

purity. epsoiLo astimation of ligated b. Disparate bind- yielrdsalaon
activity concentration and 

1t
d Ing parmatera byeqibru

compeutldoe 4. Competing Wrong weight Overestimation of drug Perform detailed
Lome o I~m- veesimtin f inin praetrs drugs (watery, concentration and K I comparisons be-

wae,. protein lgend concentration depend on condl- iatvto ntentsus i
(as ple o adK in fasystorage. losses gandol, etc., In

Lr copodrC drgs) lutibna under

SeIf-aossodation Apparent negetive 00- Use of copedttorv =m Conditions

tion tudis (ecess studies etructur-fetdbInu I

unaeledrIte discatione Llyiffteret(o bstion conditions

cmaetodlto)Metabolism ocntainovrat Apply aupernatant
Different effln- Nonlinear Scatchard Comparison of mated or metabolite from one incubs-

irdties of labeled plote, apparent coop- Scatahard and Hill copates int fehtm

117and unlabeled perstive behavýior plots in saturation ue", test metabo-

l gand end competition 1i1es

studies
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TABLE I (Continued) REFERE.NCES

Source Problem Artifact(s) Detection Aruntakshosfl. 0..* and SchIld. H. 0. (1958). Some quantitative uses of
drug antagonists. Br. J. Pharsnocai. 14:48-58.

Drug compete@ Underldtslamtion of XIt Add drug in com- AUrbach. G. D3.. Faddk. S. A..* Woodard. C. J.. Pulmer. J. S..* Hauser,
for site, inwor- bittatiot it~h and Stroxter. F. (5174). l3-Adrenerglc receptor:. Sleraoepecifnc ints:
paolaedi Into blank (addlitvity action of Lodinated 8l-blocking agent with high affinity wlts. Science I
blank experimenrt) 12231.224.

- Baker. 11. W. (1880). Labelling drugs for receaptor studiest. In ReceptorS. Separation Separation of Loa, of binding, under- Trial of different Binding Techniques. 1880 Short Course Syllabus. Society for Heuro-
technique bound rodioec- estimation or 

5
am'. technique. de-scee.Btsd.Miradp.1-7

tiviy to BD- nacurae K taledkintic Banno.et J1. P. . Jr. (18711). Methods In binding studies. In Neurolron,-for lgand die- studies stiter Recetor Binding, H. 1. Yamemure. S. J. Enna, and It. J. Kubs
socitionrote(Edai.). Raven Press. Hew York. pp. 57-90.

Ug~and binding High bWonks. possible iga~nd bi nd'tg Batton, A. E..* and Hunter. W. A4. (1973). The libelling of proteine to hit
to filters. etc. additional class of Without tlasue specific radioectivitiesa by conjugation toea 

12
51-contsalning acyLatlng

-(possibly binding sites (no tissue blank) agent. Blochem. J. 133:529-528.
saturable) 0urgtiaaer. E. (1884). Radiollgsnd-receptar binding studies: Whet's wroitj

with the Scaltohard analysia? Trends Phoruocoi. Set. 5:141-144.
Sourm#: Slightly modified firom Burt (IWO). Burt, D3. R. (1973). Criteria for receptor Identification. In Neuratrons-

mitter Receptor Binding, HI. 1. Yoammura. S. J. Enna, endl M. J. Xuhar
(Edo.). Raven Press. New York, pp. 41-5S.

laboratories are often taken as agreement. Moat artifacts increese epparent Burt. D. Rt. (1880). Basic receptor methods II. problems of ltairpretxtlitý
Kd values. so that the lowest nwsber to usually the most believable. Many in binding measuarement. In Receptor Binding Technique,, 1880 Short
probjeasa are, obvious in retrospect but hard to recaginiz when they7 firet Course Syllabus. Society for Neuroecience. Bethesda. "arland. pp. SS-e
occur. Such aimple things as loeass on giseeware or ligend or reoeptor degra- Burt. D. It.. and Snyder, S. H. (1873). Thyrotropin releasing hormone
dation can seriously affect results. totally obscuring the proeamae of other- (TRH): Apparent receptor bindingr in rat brain membranes. Bruin Res.
wise well-behaved receptor bindingr all". Similalsry. tissue-mosonated 932:09-321.
endlogeriousa ligand, t00 short en Incubation Period, and Other Problema cza Cheng, Y.-C. * and Prusoff, V. H. (1073). Relationship between the inthi-
give the appearance of a second class Of binding site" when only one to arel bitlon contantm (K1) and the concentration of inhibitor which causes. 60
present. The lesson from a11 this Is that t he simsplicty of binding meesUre'- per Cent LishIbition (I 4*) of en enzymatic reaction. Biochow. Phartcoi.
ments can be deceptive. and that many pitfali await the Unwary. 22: 3499-31041.

Chou., T.-C. (1374). Raletionships between Inhibition coatitante and free-
tiotal tinhlsbtl~m in enzyme-cattalyrsed reacton, with different number, of

vii. CONCLUSIONS rmectantle, different reaction mechanisms, and differuen types and
mechanisms olf Lhibltion. Mot. Phdrartcol. 10:225-247.

This chapter gives the general background for underetanding how binding Clark, A. J. ( 1923),.. The Mode of Action of Drugs on Calis. Edward
measurements can provide a relatively cheap and simple sown. to screens drugs Arnold.* London.

Isfotractivity on a given receptar, describing the componemns of a typical bind- Coiquhoun. D3.. and Rang, Hi. P. (1876). Effects of iunhibitors in the bind-
ing aiinura. the types of experimentt and the anialyest of the mralta. Tocit- Ing of lodginaetd a-bongsrOoxin to soety ichoflne receptor, in rat muscle.
rdcsal probiems and artifacts that can Interfere with the meesurements enW man- U01. Phaisiecal. 12:519-535.

- found their interpretation are also discussed. The conclusiont Is that these Costrecaaso. P..* and ilollnberg, Mt. 12. (1874). Moembrane receptors and
mesrsnacan be aimple to perform but hard to Interpret, and that it Is hormone action. Adv. Protein Chem. 30:251-451."esy to be led astray by caletoreaataa David. G2. S. (1912). Soli stats tectoperoxiddese: A highly stable enzyme

IMr Simple, genti lodinedion of proteins. Djoehtme. Blophys. Res.
Contmin. 41:4W4-11.
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Peptide Receptors

David R. Burt and Najam A. Sharif

I. INTRODUCTION

L.L. Peptides as Transmitter Candidates

The general area of peptide neurotransmission/neuromodulation has been re-
viewed extensively in recent years"- and is covered elsewhere in the present
series. Neuropeptide receptors have also been reviewed previously.67 This
chapter concentrates on the modest progress that has been made towards iden-
tifying receptors for nonopioid peptides in the vertebrate central nervous sys-
tem (CNS) by binding and other biochemical measurements. Only limited ref-
erence is made to results of anatomic, electrophysiological, or behavioral
experiments in the CNS or to results in various peripheral systems. Peptides
are included because they are present in the CNS and have effects there. In
most cases, additional criteria for neuntransmitter identification have been
met as well. Many of the peptides discussed here have prominent hormonal or
other peripheral roles so that their receptors have been best studied outside
the CNS. These receptors may or may not be the same as CNS receptors. In
some cases, there are questions about the exact identities of the peptides ex-
citing CNS receptors, since the peptides' presence has-been established by
radioimmunoassay or immunohistochemistry-methods that can be detecting
families of structurally related peptides. In other cases, there are questions
about the sources of peptides exciting these receptors, i.e., whether they are
of central or peripheral origin.

Some aspects of peptides as transmitter candidates predict properties of
their receptors. Available evidence indicates that most neuronal peptides are
synthesized via larger precursor peptides on ribosomes in the perikaryon and -
transported by axoplasmic flow to nerve terminals, where they are only used
once; i.e., there is no local reuptake or resynthesis.s Since there is so much
cellular energy invested in each peptide molecule, economy of function sug-
gests that peptides should be more potent than simpler transmitter candidates,
i.e., that their receptors should be of higher affinity. In general, this appears
to be the case, such that pe-ptide binding and receptor activation occur in the
picomolar or low nanomolar range.

David R. Burt and Najam A. ShaWif 9 Department of Pharmacology and Experimental Thera-
Peutics, University of Maryland School of Medicine, Baltimore, Maryland 21201.
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1.2. Criteria for Receptors

The identification of a peptide binding site as a receptor requires that it
fulfill the usual criteria of saturability, high affinity, appropriate kinetics, ap-
propriate pharmacology, and localization to appropriate brain or tissue regions
or subcellular fractions. 9-10 Exact correlation of peptide levels in brain regions
with receptor levels cannot be expected when peptides are destined for export
rather than local action. As a prime example, the hypothalamus is relatively
much higher in levels of many peptides than in their receptors (see individual
peptides below). The correlation of the pharmacology of peptide binding to
that of responses presents similar problems in that peptide analogues may show
enhanced activity in behavioral tests because of enhanced ability to reach re-
ceptors (through peptidase resistance or lipid solubility) rather than greater
affinity. The life-span of exogenous peptides in the brain is typically very short,
and it may be very difficult to generate conventibnal dose-response curves.
The most reliable guide to pharmacology of neuronal peptide responses is likely
to be obtained in vitro, but relatively little work of this nature has been done
with CNS preparations.

1.3. Methodological Features

Neuropeptide receptor binding assays share most of their methodological
features with assays of receptors for other neurotransmitters or for peripheral
peptide hormones, both reviewed widely elsewhere.1"-5 Three important fea-
tures are considered briefly below (see also Burt et al."6).

1.3.1. Peptidases

The brain and many other tissues are rich in peptidases,.' This represents
an efficient mechanism for inactivating peptide neurotransmitters in vivo but
creates problems in vitro in peptide receptor binding assays. Many of the rel-
evant enzymes have not been characterized in detail, and specific inhibitors
are lacking. Peptide ligand degradation is considerably slowed by running in-
cubations at 0-40C, at the expense of slowing the approach to binding equilib-
rium. In other cases, incubations at 37T have been possible through addition
of various nonspecific peptidase inhibitors, including bacitracin, aprotinin, ben-
zamidine, phenylmethylsulfonyl fluoride, and EDTA. Use of washed mem-
branes will reduce many soluble peptidases.

13.2. Stickiness

Peptides tend to stick to glass and other surfaces. It is usual to reduce
losses on glassware by addition of bovine serum albumin (BSA, 0.1% or
greater), serum (e.g., horse), gelatin, or other carrier protein/peptide. Some of
these carriers, especially BSA or serum, may have peptidase activity associated
with them. Substitution of selected plasticware or siliconized glassware should
further reduce adsorptive losses. The large surface area of filters often leads
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to so much binding (generally nonsaturable) of peptide ligands as to preclude
use of filtration to separate bound radioactivity. Membrane filters may work
when glass fiber filters do not, or presoaking filters in BSA or polylysine may
reduce the problem. Otherwise, various forms of centrifugation assays may be
necessary.

1.3.3. Ligands

An almost unique advantage of peptides is the ease with which those con-

taining noncritical Tyr or His residues may be reacted with "'•I to give a high-
specific-activity radioactive ligand. Other peptides with noncritical free amino

groups may be similarly iodinated with the Bolton-Hunter reagent. These and

other methods of labeling peptide ligands are more extensively discussed else-
where.'"' Besides high affinity, a feature to seek in a peptide ligand is built-

in resistance to degradation, sometimes achievable by selected D-amino acid

substitutions or other modifications that do not adversely affect binding affinity.

1.4. Peptide Response Mechanisms

The response mechanisms linked to most peptide receptors are still little
explored and poorly understood, especially in the brain. As discussed further
under the individual peptides, many peptides, including VIP, seem to produce
responses through an increase in cyclic AMP. Others. including ARl and TRH,
seem more clearly linked to changes in Ca2 ' fluxes. These and other changes
ultimately affect the firing of neurons, either directly or through modulation of
the release of or response to other neurotransmitters. There is thus far no
evidence that the smaller neuropeptides discussed in this chapter have any
response mechanisms uniquely associated with them as opposed to other
classes of neurotransmitters.

2. ANGIOTENSIN

Argiotensin II (All, Asp-Arg-Val-Tyr-LIe-His-Pro-Phe) as a peripheral hor-
mone plays a major role in maintenance of extrac-ilular fluid volume and blood
pressure. It also produces a variety of central effects on intraventricular ad-
ministration, many of which appear linked to its peripheral effects."' These
include increased drinking, vasopressin release, and sympathetic outflow. The-
interpretation of these effects has been problematical, since many seem to be
exerted at least in part through receptors in the circumventricular organs, out-
side the blood-brain barrier and accessible to circulating AI. These include

the subfornical organ, organum vasculosum of the lamina terminalis, and area
postrema.

If circulating hormone were producing all of All's central effects, detailed
discussion of its receptors in this chapter would be unwarranted. There is lim-
ited and suggestive evidence for considering All or a related peptide to be a
neurotransmitter candidate as well as a hormone, however. Although the sub--
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ject has generated considerable controversy,'2na and endogenous All in the
brain appears to be very low or absent in the hands of some workers,5-2
biochemical results suggest that the brain contains a complete renin-angi-
otensin system"-"27 including angiotensinogen, renin, angiotensin I, converting
enzyme, and All. Furthermore, immunohistochemistry has revealed widely
distributed All-like activity in the CNS,2'29 with high density in areas of the
spinal cord, the median eminence, and the central amygdaloid nucleus. Finally,
the iontophoretic application of the All antagonist seralasin ([Sar•, AaI]AlI)
slows background firing of AlI-sensitive neurons as well as inhibiting the stim-
ulation of firing by exogenous AIL30

Receptors for angiotensin have been extensively studied in the periph-
ery.- Analysis of dose-response curves for All agonist and antagonist an-
alogues has suggested only a single class of peripheral AlR receptors for many
responses, 4 but both high- and low-affinity binding components for ['2I]A/I
or other ligands are evident in corresponding tissues, and low-affinity sites
appear coupled to responses in at least a few. 33 properties of the peripheral
receptors include localization to plasma membrane fractions of target tissues; __
pharmacology matching responses; sensitivity of the high-affinity component
to guanine nucleotide reduction of agonist binding affinity and increase in dis-
sociation rate; apparent linkage of receptor occupation to increased Ca2 fluxes
and phosphatidylinositol hydrolysis, with possible secondary changes in protein
phosphorylation, prostaglandin synthesis, and cyclic nucleotide levels; appar-
ent internalization of occupied receptors; modulation of binding by ions, par-
ticularly Na 4 and Ca 2÷, that is tissue specific; and an apparent lability during
attempts at solubilization (see cited reviews for details and references). High-
affinity binding sites have apparent affinities for All corresponding to.half-
maximal occupation at about 0.I-I M; this is about tenfold greater than cir-
culating levels of All.

Several laboratories have reported apparent receptor binding of [ 123r]AII
-or related ligands to various regions of mammalian brain.?'5 " The affinities of
these sites have been generally similar to those measured in peripheral tissues,
but where detailed comparisons were performed, clear differences in properties
emerged. Thus, calf cerebellar sites were much more sensitive to stimulation
ofP'[`AIIl binding by Na' (150 mM) than those in calf adrenals or rabbit
uterus3 ' and showed marked differences in pharmacology for AIl analogues
from sites in calf adrenals."•

There appear to be great species differences in the brain regional distri-
bution of All receptor binding. These were apparent even in the first report,3"
in which rat brain gave highest binding in the thalamus-hypothalamus, mid-
brain, and brainstem, whereas calf brain binding was localized almost exclu-
sively to the cerebellum. More detailed studies in rail" found highest binding
in the lateral septum and caudal region of the superior colliculi, regions possibly
connected with All's known pressor and dipsogenic effects. However, many
other sites of binding, notably including calf cerebellum, have no known func-
tional correlates. The picture is further clouded by the recent demonstration
that, even among six rodent species, there are marked.differences- in relative
and absolute levels of All receptor binding in different brain regions.' 3 One
species (dogs) showed no detectable CNS binding at all.
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A possible explanation for some aspects of these findings arises from an
ontogenetic study in the rat that demonstrated a rapid postnatal increase in
[1251]AII binding in several brain regions to a maximum at 1-2 weeks of age,
followed by a gradual decline over the next 4-6 weeks to much lower adult
levels."' The authors suggest that circulating Al may have physiological roles
in the newborn brain, when an immature blood-brain barrier allows access,
that are lost in the adult. Thus, binding in many adult brain regions could be
a "developmental remnant" not associated with the presence of neuronal All
and much more subject to species variation than binding associated with current
(i.e., retained) function. The presence of the same phenomenon in the newborn
of other species needs to be explored.

Considerable electrophysiological and immunohistochemical data do sug-
gest that some (if not all) biochemically identified receptors are coupled to a
response and that neuronally derived AIl-like peptide(s) are available to occupy
these receptors in the adult. However, the most interesting connection between
All binding and function, an increased level of binding in the organum vaso-
culosum of the lamina terminalis of spontaneously hypertensive rats, has ap-
peared only in abstract form" or review.20

Technically, these studies illustrate many features mentioned in the intro-
duction. By adding several peptidase inhibitors, all workers were able to in-
cubate at elevated temperatures (22-37'C), typically for 30-60 min. Bound
radioactivity was separated by filtration (glass fiber filters) or centrifugation.
The usual ligand was ['2 AIIA. which seemed to retain most of the activity of
the parent compound, as estimated by comparing its affinity as determined in
saturation curves with that of AII in competition curves. Additionally, one
study"' used the antagonist ligand (123I] [Sar',LeuJ]AII, with generally similar
results.

In conclusion, there remain many problems with the identification of CNS
angiotensin receptors. It is not clear that they are the same as peripheral All
receptors, whose properties have been much more thoroughly studied. The
CNS regions where responses are best characterized, the circumventricular
organs, contain too little tissue for convenient binding studies. The regional
distribution is clouded by major species differences and generally poor cor-
relations with other miarkers of the renin-angiotensin system. Further attention
to regions where an All-like peptide is likely to be acting as a neurotransmitter,
including the dorsal horn of the spinal cord, should prove rewarding, as should
studies in a well-chosen in vitro preparation.

3. NEUROTENSIN

Neurotensin (NT, pGlu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro-Tyr-Ile-
Leu-OH) was discovered serendipitously during the purification of substances
P." Although originally isolated from bovine hypothalami, it is widely distrib-
uted in the CNS and gut. Highest levels are in the N cells of ileal mucosa.
Neurotensin has a variety of central and peripheral effects.""' After peripheral
administration, it produces vasodilatation (used as a bioassay in its purifica-
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tion), hyperglycemia, and various endocrine effects. Following central admin-
istration, it produces hypothermia, analgesia, reduced spontaneous locomotor
activity, muscle relaxation, prolongation of barbiturate and ethanol narcosis
(in the former case in part because of effects on drug metabolism), naloxone-
insensitive analgesia, increased turnover of brain monoamines and acetylcho-
line, excitatory or inhibitory effects on firing of certain neurons, etc. Many of
its central effects are opposite to those of thyrotropin-releasing hormone (TRH)
and/or appear to reflect possible antagonism of certain doparninergic sys-
tems.""- Neurotensin has no apparent central effects on peripheral admin-
istration, indicating that it poorly penetrates the blood-brain barrier and has
no relevant receptors on circumventricular organs. Its heterogeneous distri-
bution in the CNS is discussed below with that of its receptors. With its apparent
localization to neurons and nerve terminalse2 " and Ca2 '-sensitive release from
depolarized brain slices,' NT fulfills many of the criteria for being a neuro-

transmitter or neuromodulator.
Three reports of apparent NT receptor binding in the brain appeared within

a few months of each other and within 2 years of NT's sequence determina-
tion. 5 5 r Although these studies differed considerably in methodology, all three
found dissociation constants (K.s) in the low nanomolar range (2-8 nM) for
binding of [3HINT or [('I]NT, and all three demonstrated impressive phar-
macological specificity. Unfortunately, for overlapping NT analogues (e.g.,
NTs.- 3 ), there were some major discrepancies in described relative potencies.
Similarly, between the two papers describing the regional distribution of bind-
ing,-"-" there were again a few surprising discrepancies. Both agreed that the
rat thalamus, hypothalamus, midbrain, and cerebral cortex had higher binding
than the medulla-pons and cerebellum, in general accord ?';th NT's regional
distribution in rat brain.'-" A more detailed comparison of binding with NT
levels was possible in calf brain, for which the same group reported binding
data and levels."-"- There was a clear excess of levels over binding in hypo-
thalamus and basal ganglia and a relative excess of binding over levels in cer-
ebral cortical regions. Many other regions showed generally parallel values for
the two types of measurement. Low values of NT binding and levels in the
cerebellum parallel findings for many other peptides. In spite of the discrep-
ancies mentioned above and others, it appears that all three groups were looking
at NT receptors. "

This is less clear for reports of ("3 IINT binding to rat mast cells,6"'"2 for.
which a low binding affinity (Kd = 154 nM) and a high potency of bradykinin
as a competing agent are potential problems. However, binding sites for [(H]NT
in longitudinal muscle of guinea pig ileum' and to a cell line (HT 29) derived
from a human colon carcinoma" appear remarkably similar to those in brain.55

A detailed pharmacological comparison between NT analogues' abilities to
compete for (3H]NT binding to HIT 29 cells and rat brain and their abilities to
stimulate contraction of the longitudinal muscle of the guinea pig ileum yielded
excellent correlations" The latter in vitro response is thought to reflect release
of acetylcholine.6 5 These detailed pharmacological data are probably the best
evidence to date for NT receptor identification. Note that several NT ana-
logues, including [D-Tyr' t]NT,[D-Phe3 tINT, and [D-Leul 'INT, appear relatively
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much more potent in vivo than they did in the various in vitro tests. This is
thought to reflect their resistance to inactivation and emphasizes the hazards
of attempting to correlate any kind of in vivo pharmacology with binding phar-
macology for peptide receptors. Similar modifications of the Tyr-I I residue
have been reported to produce NT antagonists for certain peripheral re-
sponses."

Neurotensin receptors are one of the few types of peptide receptors that
have been visualized to date by light microscopic autoradiographic techniques
following ligand binding to slide-mounted sections.' Besides a detailed de-
scription of NT receptors,.which generally but not completely paralleled the
distribution of NT-like immunoreactivity localized by immunohistochemis-
try, 52 "51these methods have already yielded useful results on the cell types
involved in the binding. Thus, local 6-hydroxydopamine lesions of the zona
compacta of the substantia nigra greatly reduced NT receptor binding there,
suggesting a receptor localization to dopaminergic cell bodies," whereas dorsal
root section failed to decrease NT receptor binding in the dorsal spinal cord,
although opioid receptor binding was decreased 40% in layers I and 11." The
latter finding suggests that even though both NT and enkephalins are distributed
similarly in the dorsal spinal cord and both produce analgesic responses,' the
sites of the relevant receptors, and, consequently, the mechanisms of the re-
sponses, are quite different. The combination of in vitro receptor autoradiog-
raphy with specific lesions promises to be a powerful technique in unraveling
sites and mechanisms of peptide responses in the brain.

4. BOMBESIN

Bombesin (BN, pGlu-Gln-Arg-Leu-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-
Leu-Met-NH 2) is a tetradecapeptide isolated from the skin of frogs."' Bombesin
itself is evidently not found in mammalian brain. Rather, there is a larger related
peptide that cross reacts with antisera to BN1-1 and shares its biological ef-
fects. Bombesinlike immunoreactivity is heterogeneously distributed in. the
brain, with highest levels in the hypothalamus and lowest in the cerebellum.
It is also found in the gut and lungs. Bombesin has a variety of central-actions
including somatostatin-reversible hypothermia and hyperglycemia,7 4 increased
locomotor activity, and naloxone-insensitive analgesia."

Apparent receptor binding of f '"I-Tyr']BN has been described in brain"-"'
and pancreas." Although all these studies had common authors, methodology
varied somewhat, with incubations of 5-24 min at 25"C or 3T7C in the presence
of bacitracin and separation ofbound radioactivity by fidtration (Whatman GF/B
filters presoaked in 1% bovine serum albumin, initial study) or by brief cen-
trifugation. Results in brain and pancreas were similar, with apparent Kds of
2-4 nM in both tissues and a similar order of potencies for at least three related
peptides ([Tyr']BN > BN > litorin). In brain, these and a variety of other BN-
related peptides were shown to compete for [( I-I-Tyr`]BN binding with relative
potencies generally resembling their potencies for inducing hypothermia on
intracisternal injection. In the pancreas, the three listed peptides were shown
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to compete for binding with absolute potencies about 10% of those observed
in stimulating "5 Ca2, efflux, amylase release, and cyclic GMP accumulation,
leading the authors to suggest that 25% BN receptor occupation is sufficient
to elicit a maximal biological response. The distribution of binding among gross
regions of rat brain"6 did not closely parallel the earlier-reported distribution
of BN-like immunoreactivity," with the usual relative excess of peptide levels
in the hypothalamus and a relative excess of binding in the hippocampus. These
discrepancies probably d.) not bear on receptor identification, as discussed
earlier. A more recent detailed study of the distribution of [ '"I-Tyr']BN bind-
ing in rat brain yielded highest binding in amygdala, hypothalamus, frontal pole,
hippocampus, and the mesencephalic periaqueductal gray.75 Overall, the avail-
able evidence, particularly the pharmacological data on related peptides,
strongly suggests that the three cited studies were looking at receptors for a
BN-like peptide.

5. CHOLECYSTOKININ

Cholecystokinin (CCK, Lys-Ala-Pro-Ser-Gly-Arg-Val-Ser-Met-fle-Lys-
Asn-Lcu-GIn-Ser-Leu-Asp-Pro-Ser-His-Arg-Ue-Ser-Asp-Arg-Asp-Tyr-Met-
Gly-Trp-Met-Asp-Phe-NH 2), a 33-amino-acid peptide originally isolated from
porcine intestine,• has been localized in the periphery and brain by
radioimmunoassays' and immunohistochemistry.1-l' Numerous molecular
forms of CCK (e.g., CCK3), CCK12 , CCK,, CCK4 ) have been detected and
separated by gel chromatography following reaction with specific antibodies.'
Demonstrated CNS properties of CCK strongly suggest a possible neurotrans-
mirter function for this peptide." Among the CNS effects of CCK are its ability
to suppress appetite on central (or peripheral) administration, its regulation of
pain perception, and modulation of oxytocin and/or vasopressin release from
the posterior pituitary gland..

The first few biochemical studiei of CCK ieceptors involved binding of
"['I-Bolton-Hunter]CCK33 ([ II-BHICCK) to pancreatic acinar cells."" Sat-
uration isotherms of binding were compatible with labeling of two sites in rat
pancreas (K,4  = 64 pM, and Kd -- 21 nM), whereas in the guinea pig only a
single class (Kd = 0.5 nM) was found,'5 from which the label dissociated in a
biphasic manner.

In contrast,,, homogeneous population of high-afinity (K4 - 0.3-1.7 nM)
receptor binding sites for [' I-BHICCK has been detected in brains of rats,"-'r
guinea pigs," and mice." In the latter study, binding was extremely pH sen-
sitive, being optimum at pH 6.5.(Kd = 0.44.rM), with both affinity and capacit:.
reduced at higher pH (7.4). It also displayed an absolute requirement for Mge'
and EGTA. The regional distribution of specific (["I-BH]CCK binding in rat
and mouse brain'-" (cortex > olfactory bulbs > caudate) correlated well with
that reported for CCK-like immunoreactivity in rat." The involvement of re-
ceptors in binding to the pancreas"Sand rat cortical membranes" was supported
by the pharmacology. Thus, CCIs (sulfated) was three times more active than
CCK33 (CCK) at displacing the binding, whereas the desulfated CCK, and



Peptide Receptors 361

CCK• possessed a quarter of the potency of CCK 33. These findings are in
accord with the fact that the biological activity of the hormone resides in the
carboxyl terminal octapeptide (CCK4). Furthermore, the relative potency ra-
tios for displacing pancreatic and brain [(2 I-BHICCK binding compare well
with those for stimulation of cyclic GMP levels, 4"Ca 2+ release, and other
functional responses (cited in ref. 84). However, the absolute potencies of CCK
analogues for inducing amylase secretion were tenfold greater than those for
inhibiting pancreatic binding.

Both pancreatic and cerebral [('I-BHICCK binding were inhibited by
monovalent cations and guanine nucleotides. Divalent cations at low concen-
trations were stimulatory in both tissues. However, although dibutyri cyclic
GMP was a potent competitive inhibitor of pancreatic binding and amylase

, releases's9 this nucleotide was only a Weak inhibitor of brain ['"I-BHICCK
binding,"' suggesting possible dissimilarity of peripheral and central receptors
(or a species difference).

An elevated cortical CCK receptor density in genetically obese rodents
has been reported."' 2 A possile mechanism of CCK-induced satiety is sug-
gested by the observations that abdominal and gastric vagotomy abolish it in
rodents," with a concomitant decrease in fast axoplasmic transport of CCK
receptors to the periphery."

Additional observations include, the age-related development of CCK
receptors' and their reduction following intrastriatal kainate irjectionsY7 A
similar loss of [('I-BH]CCK binding sites in Huntington's disease" has sug-
gested CCK-regulated extrapyramidal functions.

6. SUBSTANCE P

Although its existence has long been known," the sequence of the un-
decapeptide, sutbstance P (SP, Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-

* Met-NH 2), was only determined relatively recently.97 Substance P displays a
* heterogeneous regional distribution in the brain and enrichment within syn-

aptosomal fractions, from which it can be released" and subsequently inac-
tivated by "specific" peptidases." In electrophysiological experiments, SP har
potent, slowly initiated, but persistent actions, generally excitatory, on mam-
malian neurons. Its modulatory actions are best exemplified by augmentatior

* of dopamine release in the mesolimbic regions to enhance locomotor activity
although the apparent mediation of nociception in the spinal cord is the resui
of direct actions on dorsal horn neurons. Other behavioral responses'inv'olvin-
SP include an antidipsogenic action in rats. These properties, discussed in mor
detail elsewhere,'""a and. the demonstration of apparent receptor binding
described below, suggest a transmitter role for SP.

Using paradoxical incubation conditions .(00C for i min), Nakata et al."'
first reported high-affinity (Kd = 2.7 nM) [IH]SP binding sites in the rabb
CNS. However, a more detailed study in rat,'" also employing previous
frozen crude membranes, demonstrated a relatively slow [3HISP-receptor P

sociation (k, = 5 pLM- I s- 1), requiring incubation at 4°C for 20 min to approac
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equilibrium. The observed Kd (0.38 nM) differed markedly from the previous
study. ' 3 However, the regional distribution and the pharmacological specific-
ity of the binding sites in the two studies agreed remarkably well. Thus, the
highest density of [3HISP binding sites was in the hypothalamus and other
midbrain regions, whereas the cerebellum and cortex possessed fewer sites.
This profile of receptor density resembled the distribution of SP-like immu-
noreactivity. "0 Furthermore, ('HISP binding to rabbit' 03 and rat'04 brain mem-
branes was inhibited by C-terminal fragments of SP in a rank order of potency
consistent with results of iontophoretic application in the CNS1°" and by other
bioassays."°o Thus, the hexapeptide (SP&,-,,) had twice the potency of native
SP and was some 3-5 times more active than the heptapeptide (SPF5.- ) and
decapeptide (SP2 -1.,), respectively, at displacing ([H]SP binding.

Structurally related SP-like peptides (tachykinins), physalaemin (PSM) and
eledoisin, also possessed substantial inhibitory activity. Subsequently, a la-
beled derivative of PSM, [ 11]'PSM, has been utilized to assess SP-type binding
sites on dispersed pancreatic and parotid acinar cells.)°-°'9 A very low number

....... - (200/cell) of [`uI]PSM sites were detected, whose pharmacological selectivity
bore little resemblance to [('1fSP binding specificity in the CNS. Studies of
this type, and the differential pharmacological efficacy of SP fragments and
tachykinins at causing tissue contractions"07 and at competing for CNS [(H]SP
binding,"" have suggested that there exist distinct peripheral and central re-
ceptors fer SP.

Another approach to label "SP receptors" has been to use ('[I]SP. How-
eveý-, altit,-ugh this radiopeptide exhibited high-affinity binding (Kd = 0.32 nM)
to rat synaptic vesicle fractions, they showed little affinity for SP analogues,
binding was inhibited by Ca2l and Mg2e ions and trypsin, and PSM paradox-

-ically enhanced [(2'1]SP binding." 0 The fact that binding was mostly to lipids
rather than to protein moieties"' was confirmed by organic extractions and
has been supported somewhat. by the finding that [-H]SP binding to similar
preparations"I was resistant to proteolysis but was reduced by delipidation-
agents and lipolytic enzymes. The results of these latter studies are difficult to
interpret and may reflect interaction of the radioligand with a proteolipid as-
sociated with SP storage'1-112 rather than to binding sites coupled to effector
mechanisms. No attempts were made to correlate binding properties with any
responses.

The lack of specific antagonists has hampered progress in this area in the
past, and, therefore, the recent synthesis of a purported competitive SP
blocker, [D-Pro2,o-Phe 7,D-TrpP]SP,1"114 provide a new impetus for further
characterization of both peripheral"'' and central SP receptors.1'4 Unfortu-
nately, the excitement generated by this antagonist of SP-induced guinea pig
ileum contractions' 3 and the SP-evoked excitation of locus coeruleus-
neurons"' has been rather short-lived because of its possible neurotoxic ef-
fects."' Evidently, the discovery of better SP-related analgesics must await
further research.

7. VASOACTIVE INTESTINAL PEPTIDE

Vasoactive intestinal peptide (VIP, porcine = His-Ser-Asp-Ala-VaI-Phe-
Thr-Asp-Asn-Tyr-Thr-Arg-Leu-Arg-Lys-Glu-Met-Ala-Val-Lys-Lys-Tyr-Leu-
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Asn-Ser-Ile-Leu-Asn-NH 2) is a basic octosapeptide isolated from hog intestine
by Said and Mutt.)17 It is related in structure to secretin, glucagon, and other
gut peptides. In the gut and elsewhere in the periphery, it seems to occur
primarily in neurons and is also widely distributed in neurons of the CNS." 8

Studies of its distribution have been complicated by the existence of VIP mo-
lecular variants and cross reactions of some antisera with other secretinlike
peptides. In the periphery, VIP neurons occur in sensory ganglia, sympathetic
and parasympathetic autonomic ganglia (where it may coexist with acetylcho-
line in neurons innervating exocrine glands' 19), and the submucous (Meissner's)
plexus of the gut wall. Besides exocrine glands and other neurons, structures
prominently innervated by VIP nerves include blood vessels in a variety of
locations, including the brain, and smooth muscle, e.g., of gastrointestinal
sphincters. In the CNS, ',iP-like immunoreactivity is high in cerebral cortical
areas, limbic areas including hippocampus and amygdala, suprachiasmatic nu-
cleus and elsewhere in the anterior hypothalamus, and amacrine cells of the
retina. The VIP terminals are rather sparsely distributed in the brainstem and
spinal cord compared to many other peptides.

Vasoactive intestinal peptide has a variety of peripheral effects, including
vasodilatation of most vascular beds, relaxation of smooth muscle in many
other sites, and stimulation of secretion from many exocrine and some endo-
crine glands. The CNS actions of VIP include depolarization and excitation of
neurons in several regions; possible regulation of pituitary prolactin secretion
as a hypothalamic hormone, and regulation of the release of other hypothalamic
releasing hormones. Little in the way of behavioral pharmacology of VIP has
been described, perhaps because of its expense. Vasoactive intestinal peptide
has fulfdled many of the criteria for being a neurotransmitter or neuromodulator
in the CNS and peripheral nervous system."'n-

Apparent receptor binding for VIP has been described in a variety of pe-
ripheral tissues, including pituitary celli, '. pancreas,' 2 ' liver,'2 intestinal ep-
ithelium, 12"2-' adrenal cells,'2 utrue.V and fat cells.'" The VIP receptors
may be distinguished from receptors 7•O secretin, to which ['JI•,1VP may also
bind, by their higher affinity for VIP and for [VaI5]secretin, compared to se-
cretin and secretin-,1.,7.131 Some tissues, e.g., pancreatic acinar cells,124 appear,
to possess both types of receptors. Even though receptors in many of these
tissues are likely responding to VIP released from nerves, space does not permit
detailed review of the cited studies. Results of most were generally similar to
each other and to studies in the CNS d&-s ribed below. In most tissues, binding
results correlated well with observatvis on the stimulation of cyclic AMP
formation by VIP and its analogues, even though the two measurements were
made under dissimilar-conditions. High-affinity Kds were typically near 1 nM
for VIP, with secretin being at least 100-fold less potent. There appeared to be
receptor heterogeneity within some tissues and between some tissues and spe-
cies. Methodological problems included relatively rapid degradation of
"[' '"IIVIP and VIP receptors at higher temperatures.

Three groups have studied binding of [' 'I]VIP to various CNS prepara-
tions. 2-3. These-studies revealed a strong apparent-species difference in bind-
ing affinity between rat (Kd ca. I nM)' 34"13' and guinea pig (Kd ca. 36 nM).' 3 2

The latter species also appeared to have a second, even lower-affinity site (Kd
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ca. 285 nM). Only one group reported such a second site in rat brain (Kd ca.
125 nM).-'s The results in the guinea pig must be interpreted with caution
because of evidence that guinea pig VIP may differ in structure from VIP of
many other mammals' 3 ' and because the authors' curved Scatchard plot132

appears to have been analyzed inappropriately. The K, reported in the rat
brain.'.13"1 which varied from 1 to 6 nM depending on the method used to
measure it, was very similar to that reported in many peripheral tissues. As
far as could be told in the absence of a side-by-side comparison, the phar-
macology of binding in both rat brain and guinea pig brain'" was also generally
similar to that in other tissues, with secretin about 100 times less potent than
VIP. 7!A

As is the case in the periphery, VIP stimulates adenylate cyclase activity
in the brain."-'" In either slices or membrane particulate preparations, and
in both rat and guinea pig, the concentration of VIP needed to observe this
effect is higher by one or two orders of magnitude than that needed to observe
inhibition of ['"I5]VIP binding (under different incubation conditions). Many
aspects of the pharmacology of the two types of measurement are similar,

.. however. Brain VIP-sensitive cyclase appears to differ from that in many pc-
ripheral regions in being relatively insensitive to stimulation by secretin and
to potentiation by GTP. The regional distributions of cyclase stimulation by
VIP in rat brain found in three studies""'° differed markedly from each other
and from that expected on the basis of the "distribu!ion of VIP-like
immunoreactivity"' -` and [('I]VIP binding."4 In particular, all three studies
reported appreciable cyclase stimulation in the cerebellum, a region relatively
devoid of VIP-like immun'oreactivity and receptor binding. Overall, the rela-
tionship between cyclase stimulation by VIP and CNS receptors for VIP re
mains unclear.

- The regional distribution of ('"I]VIP binding in rat brain" 4 was in rea-
sonable agreement with the distribution of VIP-like immunoreactivity. 4 1-'"
Highest binding was in the striatumn, lhfpocampus, cerebral cortex, and thai-'
amus. The major discrepancy was in the hypothalamus, which was fairly'low.
in binding but possessed considerable immunoreactive VIP. As discussed pre
viously for other peptides, this discrepancy may be resolved by assuming that
much hypothalamic VIP is destined for export.

Methodological features of the VIP binding experiments were generally .1
similar to those for other peptides. The ['rI]VIP was prepared by the chlor-
amine T method and appeared to retain full activity. With addition of peptidase
inhibitors bacitracin and aprotinin, incubations could be run at 20*C or 37C
for 10 or 20 min. Separation of bound radioactivity was by filtration (0.45-pRm
cellulose acetate Millipore@ fditers) or centrifugation through buffered 0.32 M
sucrose.

An intriguing effect of VIP in the cat submandibular salivary gland is the
recently reported enhancement of agonist binding to muscarinic receptors.'
The concentration dependence of this effect (half-maximal near I nM VIP) is
appropriate for mediation via.typical VIP receptors. It will be interesting to
see whether this effect is mediated via cyclic AMP or other mechanisms. The
possible involvement of additional mechanisms of action in the pituitary gland .i
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is suggested by the apparent presence of intact VIP inside pro':.:tin-secreting
cells'" a finding that parallels observations for other releasing houjnione can-
didates. I47-SO

8. THYROTROPIN-RELEASING HORMONE

Thyrotropin-releasing hormone (TRH, thyroliberin, pGlu-His-Pro-NHz) is
a tripeptide that was identified and named on the basis of its ability to stimulate
the release of thyrotropin (TSH) from the anterior pituitary gland."-1. 2 There
it also stimulates the release of prolactin. Thyrotropin-releasing hormone was
later found to be widely distributed outside the hypothalamus and to have a
variety of central effects apparently unrelated to its endocrine role(s).-"'1'
This and other evidence have suggested an additional neurotransmitter or neu-
romodulator role for TRH in the CNS.

The discovery of TRH was followed shortly by the demonstration that
[3H]TRH binds to apparent receptors in pituitary plasma membranes'5 or pi-
tuitary-derived cell lines."1'6 The strongest evidence that these binding sites

... indeed represented TRH receptors was the close correlation between the po-
tencies of a variety of TRH analogues in competing for binding and their po-
tencies in stimulating release of thyrotropin"'1 and prolactin.12 This evidence,
and the whole subject of TRH receptors, is reviewed in greater detail else-
where.163.1

The initial demonstration of the presence of pituitaryh'ke high-affinity bind-
ing sites for [H]TIRH in rat brain by Burt and Snyder"' was hampered by very
high blank values, in part because of a large excess of lower-affity but sat-
urable sites (Itd ca. 5 p0M). Better characterization of the apparent CNS re-
ceptors for TRH was achieved in later work in sheep retina"d and nucleus
accumbens. 11 These tissues proved to be relatively enriched in receptors, rais-
ing the proportion of specific binding from the 15 cw 20% seen in rat brain in
earlier experiments to 50% or more. The high-affinity binding sites (Kd ca. 20-
40 nM) were found to closely resemble sheep pituitary receptors in aflinity and
pharmacology for TRH analogues. This resemblance was the major evidence
for identifying the CNS binding sites as TRH receptors. Discrepancies between
behavioral and endocrine potencies of certain TRH analogues"-t7'1 were at-
tributed to differences in their ability to reach CNS and pituitary receptors or
to the possible existence of additional, undetected classes of CNS TRH re-
ceptors. The presence of these sites in retina was compatible with evidence
for the existence of high levels of immunoreactive TRH in rat retita, 172-475

although this is not without controversy.'76 Their presence in the nucleus ac-
cumbens was consistent with immun3histochemical evidence for high levels
of TRH there in rats"" and with behavioral evidence for dopamine-mediated
stimulation of locomotor activity by TRH in this region.17'279 However, later
work (see below) has suggested that the amygdala is in fact the brain region
highest in TRH receptors in most mammals.

In spite of the-relative success in sheep retina and nucleus accurmbens, the
use of [3H]TRH as ligand was severely limiting in CNS regions because of high
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blanks. Most modifications in all three amino acid residues reduce receptor
affinity, but the analogue with a methyl group cn the 3-nitrogen of the histidine
ring ([3-Me-His'jTRH. MeTRH) has long been known to be more potent than
TRH in the pituitary gland,"O and this enhanced potency was later shown to
extend to the CNS as well."`"'s'"6 Taylor and Burt'"-'" prepared this ana-
logue in radioactive form and showed that it binds to the same sites in the
pituitary gland and CNS as ('HIMR-. only with approximately eightfold higher
affinity (K, ca. 3 nM), giving lower blanks. This improved ligand (['H]MeTRH)
has recently become commerially available (New England Nuclear, Boston.
MA).

Use of [ 3HJMeTRH made practical for the first time the screening of a
large number of brain regions in a variety of species.`u-` These studies were
undertaken when the distribution of TRH receptor binding in the rat CNS was
found to differ from that in sheep. Binding in the amygdala was higher than in_
the nucleus accumbens, a finding that extended to most other tested species,
and binding in the retina was highest of all a situation apparently unique to
the rat. Retinal TRH receptors exhibited remarkable species variation, with..
density in the rat about 100 times that-in the dog. Lesser but still extensive
species differences were detected in other regicris, with the amygdala and by-
pothalamus being particularly high in the guinea pig, the spinal cord and septal
area high in the rabbit, the anterior and posterior pituitary gland high in the
sheep, etc. In the rat, the distribution of rece tor binding appeared to be in
reasonable agreement with that reported earlier for TRH-like immunoreacivity,
with some exception: a typical excess of levels over binding in the hypo-
"thalamus, a similar excess in the olfactory bulb, and an excess of binding over
levels in the amygdala. The densily of TRH receptor binding sites in the three
highest regions tested (0.2-0.4 pmolfmg crude membrane protein or ca. 20-30
pmol/g wet weight in sheep pituitary, rat retina, and guinea pig amygdala) was
still only about 10-20% of that reported in pituitary cell lines,"7 which typicaily
have about 100.000 sites per ceil'" !

The species differences in distribution of TPLR receptors do not appear to
be accompanied by any major differences in other binding properties of itlhes
receptors. The highAflnity binding sites identified as receptors look basicaly
the same even in birds"O and fish.'" No binding identifiable as repre3setin.
TRH receptors has been reported outside the pituitary or CNS.

The methodology of studies of TRH receptor binding has varied coasid- 1
erably, ranging from use of intact pituitary-derived cells in physiological media

at 37"C," 0 "1'm'8 to homogenate or membrane fractions in hypotonic buffer at
0"C.,S7 '.Ie.I The latter conditions appear to be the most favorable in the CNS,
not only because they ncease the apparent number of binding sites and aftnity
in broken-cell preparations."' These effects remain surprisgly prominent :1
even for temperatures quite near OC.'C At Oc, the attainment of equihlxium
with ([H]MeTRH may take several hoam. Mono. and divalent cations inhibit
binding; and, at least in the CNS, receptor binding is optimal in 20 mM sodium
phosphate or 50 mM HEPES (pH 7.4). whereas Tris citrate and Krebs bear. 4
bonate buffers are clearly less favorable (N. A. Sharif and D. & Burd, unpub-
lished data). Separation of bound radioactivity by filtration has usually es- .1
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ployed Whatman GFIB glass tiber filters and high tissue concentrations
(equivalent to 40-50 mg wet weight/mli) to minimize the contribution to blanks
of binding to the filter. Methodological features of TRH receptor binding assays
are discussed in much greater detail elsewhere.'"

An unresolved question in binding studies to date is that of heterogeneity
of TRH receptors. Two early binding studies using [E'ITRH in the pituitary
reported two classes of high-affinity site,'-" but this has not been confirmed
by most others for ' or (-'HMeTRH."' The situation
is similar in the CNS, with a single, very limited two-site report for ('HITRH, 193
which contradicts more extensive reports of linear (one-site) Scatchard plots
of slopes in the nanomolar range for both liHands ."-'7  There is func-
tional evidence for possible receptor hetergeneity in the pituitary. I" Several
considerations make receptor heterogenit, seenm likely in the CNS (e.g., both
excitatory and inhibitory electrophysiolagical responses, probable presynaptic
and postsynaptic localization, variety of behavioral responses, some with dis-
tinct pharmacology). Recent studies with sulihydryl reagents and heavy metal
cations haie indicated the involvement of reastive thiol residues in ['H]MeTRH
binding and provided further indirect. evidence for the resemblance between
TRH receptors in rat pituitary and CNS (N. A. Sharif and D. R. Burt, unpub-
lished data). Other unresolved issues in the CNS include receptor structure,
regulation, response mechacisms, and detailed localizations and roles.

9. SOMATOSTATIN

Somatostatin (SS, Ala-Gly-Cysis-As-,Phe-P-Tr -Lys-Thr-Phe-Thr-
Ser_ s-OH) is a cyclic tetrdea s from sheep hypothalamus on
the basis of its ability to inhibit the release of pituitary growth hormone.'"
Recently, a larger related peptide eonapted at the N-terminus, somatostatin
28 (SS-28, Ser-Ala-Asn-Scr-Asnt-PM-a-Met-Ala-,rPo-Ars-Glu-Arg-Lys-SS),
has been identified in extracts of gut" and brin."'7•" Somatostatin 28 appears
to be more potent than SS in some test systems'"-= but represents only a
small portion of total SS-like activity in braiu,°' which includes at least one
component that is larger still. In the periphery, SS inhibits the release of an
astonishing variety of hormones besides growth hormone, including insulin.
glucagon. gastrin, seeretin, VIP, CCL mouilin, pepsin. parathymid'hormone,
renin, aldostemne. calcitonin. and tbyrotopin.t• Considerable evidence has
suggested a possible neurotransmitter role for SS besides its multiple endocrine
roles.' 3 A variety of central effe"ts of SS have been described. 2 '"

The initial demonstration of binding of ['l-Tyr&]SS to apparent SS re--
ccptors was performed in GU..C, clonal piluitary tumor cells.2" although there
had been earlier mention of an observation of a degree of saturable binding in
the brain." 2 ' The Ka in intact pituitary tumor cells at 37"C was 0.6 aM. The
evidence for receptor identification included the match between the concen-
tration dependence of binding and of biological response (growth hormone
inhibition) for SS and between the presetne of a response and the presence of
binding sites in three of five related clones. Success appeared to have largely

-mm %ll U il - : %,Wm- : . .. . .... . . ... . .
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depended on the presence of a high concentration of receptors on a homoge.
neous population of cells. A later study in bovine anterior pituitary
membranes' observed sites of such low apparent affinity (30 nM and 81P.M)
that it is not clear that they were receptors. This study and many other early
attempts to look at SS receptors were hampered by very high blanks and ligand
breakdown.

In the last 2 years. several groups appear to have successfully identified
receptors for SS and/or SS-28 in brain,"'"3' anterior pituitary gland, 2 '4'21
pancreatic tumors (insulinomas),"' and adrenal cortex."' Besides ['"I-
Tyr']SS, ligands used in these studies included ('UI-Tyr"]SS, [(Let, D-Tra,
"-I-Tyr&JSS-28, [''I-N-Tyro-Trp`JSS, and, most recently, (des-Ala', GIY- -j
desamino-Cys3-' 2l-Tyr"'-dicar#"I]SS. 2 ' The reasons for recent success,
where earlier attempts to study SS receptors in heterogeneous preparations
had largcly failed, appear to include the fact that, in some tissues at least, the
newer ligands are of higher affinity and/or are more stable than ('"I-Tyr' SS,
the use in some studies ° of extensive preliminary subceflular fractionation to
obtain enriched synaptic or plasma membrane preparations, •nd presumably,
"the use of more favorable incubation conditions or separation techniques. The
extent of specific binding has ranged from only U5-309 in crude memb,'an¢
preparations of rat cerebral cortex using ('`I-Tyri]SS"13 to over 70% in a sim-
ilar membrane preparation using (L.e,D-Trpn,'25 1-Tyrz']SS-2g.21 All of these
recent studies using different tissues and Ugands have reported similar high
binding affinities, with K,4 ranging from less than 0.1 nM for ['IZl-Tyr"]SS inrat brain"* to 2.4 nM for [(:SI-Tyr"t]SS in rat pituitary. "'.

A major point of internst in many of these studies was whether ther exist
pharmacologically distinct types of SS receptors in different tissues Soma. '
tostatin analogues have potential application in diabetes through inhibition of
glucagon release, and some progress had already been made in developing
selective SS analogues."-2"" Most available data from binding studies are con-.
sistent with the idea of several receptor types for SS,'z"0 although detailed
results have not been fully consistent among groups, and not all agre on re-
ceptor multiplicity.' The most potent SS analogue on brain receptors reported
thus far is [ r-5-F-Trp']SS, which is about 16"1 or 322" times as potent as SS
in inhibiting binding. Although suitable brain response measurements are not
yet available, it is worth noting that in aUl other times, excellent matches have
been reported between receptor binding affinities and response potencies ofSS analogues..!

Evidence for receptor identification of binding sites for SS analogues in

brain is still weak in the absence of response data but indudes a general re-
semblance (aside from some pharmacological differences) to sites in other tis-
sues where receptor identification is stronger and a regional distribution -con-
sistent with that of SS-like immunoreactivity. Highest binding in rat was
observed in hippocampus. amygdala, and olfactory tubercle. and lowest in
cerebellumr. 21 There was the usual discrepancy with SS levels for the hypo-
thalamus, which is highest in SS levels"' but only modest in binding.

Technical features of these studies have resembled those for other pep-
tides. All incubations were conducted at elevated temperatures (20-37C), usu-
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ally in the presence of various peptidas inhibitors. Bound radioactivity was
separated by centrifugation or filni (Whatinan GHIC filters presoaked in
bovine serum albumin). In the pituitty, one study"'~ reported reduced binding
inl frozen tissues, although frozen membranes prepared from fresh tissue
seemed comparable to fresh tissue. Smie studies found the iodinated ligands
stored frozen at - 20C to be stable frup to a mooth.

Response mechanisms for SS ame poorly understood in all tissues, so that
this will be an important areae for ban investigation. The ability of SS to
inhibit secretion of such a wide vaddy of substances suggests a mechanism
involving calcium, but evidence is limied.'" Numbers of SS receptors on pi-
tuitary cells appear to be modulated by TRW. but otheraspects of SS receptor
regulation await discovery.

10. MORE PEP TIDES

This section considers briefly a muser of peptides for which relatively
little information about CNS recommayet exists.

10.1. Carnosine

A neurotransmitter role for causmam (13-Ala-His) in the mammalian CNS.
especiaflly in the olfactory bulb, has be suggested by substantial neurochem-
ical evidence.' 21 'includiig the pres-o -high concentrations ofcarnosine and
its metabolizing enzymes; the redomi of both following olfactory bulb deaf-
terentation; and the axonal transpoo md synaptosomai release of the dipepý-
tide." However. recent iontopha sk inresfigations have provided conflicting
conclusions about the neuroactivity of camosine.2"-

The first binding study for this peptidel' described a low-affinity (Ke
0.77 p.M). saturable f'H~carnosine ~imscon with-mouse olfactory bulb mem-
branies. Binding was sensitive to pliamlas. At best, the stereospecific binding
component represented 30% of the IM. Although CHIcarnosine binding ex-
hibited some features suggestive at racepwo interacton.-" ' its low affinity
and anamolous phannacology~' jxmafd unresolved problems.

10.2. Bradykinin

The potent vasodilator peptide boykinim (Arg-Pro-Pro.451y-Phe-Ser-Prto.
Phe-Arg) possesses central as wdli peripheral acuions. 1'23123 To date, how-
ever, receptor binding for this noudqne has been repoi ed only in peripheral
tissues. With (' 15I-Tyrilkallidin. a badkimni awaiogue, dual high-affinity (Ks
0. 1 and 20 n M) binding sites in ho am ryometnium particulate fractions have
been detected,133 but other pe~riphatdw-ns possessed negligible specific bind-
ing. Unfortunately, brain regions vne "o tested.

( "'-Tyr' ]Kallidin binding wasii~ed by cations and was displaced most
efficaciously by structural analogmes a rank c rdev of pot,-,!v sinilar t-' their
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oxytocic, physiological activities; thus. [' 27 1-Tyrl 1kailidin > bradykinin > ( IZ'9-
Tyr']oradykinin > ['t1-Tyr~jbradykinin.

The affinity, pharmacology, and other binding parameters suggest that
kinin receptors were being studied in the periphery. The recent demonstration
of bradyKiininl.ke immunofluorescence in central areas'-1 and the central hy.
pertensive properties of bradykinin" suggest that similar sites await demon-
stration in the CNS.

10.3. Vasopressin

Vasopressin (VP, antidiuretic hormone, Cys-Tyr-Ile-31n-Asn-Cys.Pr.
Leu-Gly-NHI) is well known as the neurosecretory hormone that controls the
body's state of hydration."s Recently, some hypothalamic VP neurons have
been shown to project to many extrahypothalamic loci,' and there is an ex-
tensive literature documenting VP's effects on learning behavior.m-08 These
findings and others predict the presence of CNS VP receptors, but these have
yet to be demonstrated by binding measurements. Vasopressin receptorsrand
their mechanisms have been well studied in the kidney.23'

10.4. Oxytocin

Oxytocin (OT. Cys-Tyr-PheGln-Asn-Cys.Pro.Arg-Gly-NH,) is the other
major posterior pituitary peptide of hypothalamic origin, with prominent ac.
tions on smooth muscle of the breast and uterus. OQytocin neurons alsopmOj,-. .
widely in !he CNS.2 and OT has effects on matzital behavior.2" Although
OT receptor binding has been studied in the periphery,' it has not yet been
seen in the CNS.

10.5. Luteinizing Hormone-Releasing Hormone

Luteimizing hormone-releasing hortnone (LHRH. luliberin. pGlu-His-Trp..
Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH 2 ) is the second of the identified releasing
hormones."'" Althougi it does affect the firing of hypothalamic and other
CNS neurons and has some behavioral effects related to its endocrine
role."'" LHRH has a fairly limited CNS distribution'-" and did not arouse
great interest as a peptide neurotransmitter candidate until the recent den- .
onstration that a similar peptide underlies late slow excitatory potentials in
sympathetic ganglia. 2 "-Z" Interestingly, this finding was anticipated histo-
chemically by the observation of apparent LHRH receptors in the adrenal
medulla.24 ' The pharmacology of LHRH responses in ganglia resembles that :1
of the anterior pituitary gland.' There have been extensive binding studies
of LHRH receptors using a variety of ligands in the pituitary'" and gonads.z
but little success has been reported yet in nervous tissue. J

10.6. Prolartin t:

SPro!a::i is one of several larMe peripher4L peptide hormones of uncertain
origin and function in the brain. Prmlactialiki imniunomactivity appears o.-
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calized t', hypothalamic nerve terminals," and prolactin has electrophysio-
logica '* and behavioral" 2 activity ir the CNS. Much of this a'tivity may
be related to feedback effects on dopamine neurons. Linited biochemical
studies have demonstrated apparewt receptor binding sites for prolactin in
the hypothalamus."' 3 " There have been mot extensive studies in periph-
eral tissues.253

10. 7. Insulin

Insulin and its receptors are widely and heterogeneously distributed in the
brain, as in most other tissues.' The region highest in receptor binding is the
olfactory bulb. The insulin appears to be of local origin and to be localized to
a specific population of neurons. The nature of the responses coupled to bio-
cnaemically identified CNS insulin receptors is as yet unclear.

10.8. Still More Peptides

The list of neuropeptides whose receptors are just being demonstrated or
await demonstration seems never ending. A few more in this category include
secretin.2*U7 .58 pancreatic polypeptides.1s MIF-I (Pro-Leu-Gly-NH 2),1 and
proctolin and a variety of other invertebrate neuropeptides. 2 "1.

if. CONCLUSIONS

Receptor binding methodology has much to contribute to the study of
netropeptide function. The most obvious contribution is detailed. relatively
unambiguous knowledge of pharmacology. Moreover, binding measurements
provide a relatively simple biochemical marker of presumed peptide response
that may often precede the discovery of the nature of the response(s). Radi-
oreceptor assays can provide a lea sensitive but mdm relevant alternative to
radioimmunoassays for detecting the presence of related peptides. Changes in
receptors may reveal important regulatory mechanisms or pathological pro-
cesses. Careful comparison of binding sites in different tissues may permit
information about peptide response mechanisms in nonnervous tissue (e.g.,
sinuoth muscle) to be extrapolated, at least tentatively, to neurons.

Study of most peptide .'eceptot . or at least the correlation with response,
has been hindered by the absence of suitable receptor antagonists. Exceptions
include All. NT, SP, and LHRH. in so*e cases *'':26 use of specific peptide
antisera may provide an alternative.

The preceding review has indicated that this area of research is still in its
infancy. We hope that the chapter has conveyed some of its excitement and
promise.
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